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METHOD OF DNA SHUFFLING WITH POLYNUCLEOTIDES PRODUCED 
BY BLOCKING OR INTERRUPTING A SYNTHESIS OR AMPLIFICATION 

PROCESS 

Field of the Invention 

This invention relates generally to the field of molecular biology and more 
specifically to the preparation of polynucleotides encoding polypeptides by generating 
polynucleotides via a procedure involving blocking or interrupting a synthesis or 
amplification process with an adduct. agent, molecule or other inhibitor, assembling the 
polynucleotides to form at least one mutant polynucleotide and screening the mutant 
polynucleotides for the production of a mutant polypeptide(s) having a particular useful 
property. 

Description of the Related Art 

An exceedingly large number of possibilities exist for purposeful and random 
combinations of amino acids within a protein to produce useful mutant proteins and their 
corresponding biological molecules encoding for the mu;ant proteins, i.e.. DNA. RNA, 
cic. Accordingly, there is a need to produce and screen a wide variety of such mutant 
proteins for a useful utility, particularly widely varying random proteins. 

The following general discussion of protein and polynucleotide fields may be 
hebfu! in further understanding the background for the present invention. 

The complexity of an active sequence of a biological macromolecule, e.g., 
proteins, DNA etc., has been called its information content ("IC"; 5-9), which has been 
defined as the resistance of the active protein to amino acid sequence variation 
(calculated from the minimum number of invariable amino acids (bits)) required to 
describe a family of related sequences with the same function. Proteins that arc more 
sensitive to random mutagenesis have z high information content. 

Molecular biology developments such as molecular libraries have allowed the 
identification of quite a large number of variable bases, and even provide ways to select 
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functional sequences from random libraries. In such libraries, most residues can be 
varied (although typically no. all at the same time) depending on compensating changes 
in the context. Thus, while a 100 amino acid protein can contain only 2.000 different 
mutations, 20 100 combinations of mutations are possible. 
5 Information density is the Information Content per unit length of a sequence. 

Active sites of enzymes tend to have a high information density. By contrast, flexible 
linkers of information in enzymes have a low information density. 

Current methods in widespread use for creating mutant proteins in a library 
format are crror-pronc polymerase chain reactions and cassette mutagenesis, in which the 
10 specific region to be opumized is replaced with a synthetically mutagenic oligonucleo- 
tide. In both cases, a cloud of mutant sites ,s generated around certain sites in the 
original sequence. 

Error-prone PCR uses low-fidelity polymerir.ation conditions to introduce a 
low level of point mutations randomly over a long seance. In a mtx.ure of fragments 
15 of unknown scquence . erro , pronc p CR can . fi ^ ^ ^ ^ 

published error-prone PCR protocols suffer fro;, a low p:ocessiv lty 0 f the polymerase 
Therefore, the protocol is unable to result in the random mutagenesis of an avera G e-sized 
gene. This inability limits the practical application of crrc,p: 0n!: PCR. Some computer 
simulations have suggested that point mutagenesis alone may often be too eradual to 
-V allow the large-scale bloc, changes tha: a,, recuired for continued an/ dramatic 
sequence evolution. Further, the published error- prone PCR protocols do no, allow f or 

amplification of D\'A fragments ureatcr th- 5 I o i-u r • ■ 

6 t'— ii..... i... i.y kb. hmiiinc their practical 

application. In addition, repeated cycles o: error- pro ne PCR car. ,cad to an accumulation 
of neutral mutations with undcs.reo results - such as affecting a protein's 
-5 immunogenicity but not its binding affinity. 

In o!,gonucleotide-c,rected mutagenesis, a shon sequence is replaced w ilh a 
synthetically mutagenized oligonucleotide. This , Pr ,,,:n does not generate combina- 
tions of distant mutations and is thus not combinatory. The ,i m ited library s.ze relative 
to the vast sequence length means that many round; 0 ; selection are unavoidable ft,- 
Protein optimization. Mutagenesis with sy.the.ic olic.tuc.cotidcs requires sequencing 
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of individual clones after each selection round followed by grouping them into families, 
arbitrarily choosing a single family, and reducing it to a consensus motif. Such motif is 
resynthesized and reinserted into a single gene followed by additional selection. This 
step process constitutes a statistical bottleneck, is labor intensive, and is not practical for 
5 many rounds of mutagenesis. 

Error-prone PCR and oligonucleotide-dirccted mutagenesis are thus useful ' 
for single cycles of sequence fine tuning, but rapidly become too limiting when they are 
applied for multiple cycles. 

Another serious limitation of error-prone PCR is that the rale of down- 
10 mutations grows with the information content of the sequence. As the information 
conicnt, library size, and mutagenesis rate increase, the balance of down-mutations to up- 
mutations will statistically prevent the selection of further improvements (statistical 
ceiling). 

In cassette mutagenesis, a sequence block of a single template is typically 
5 replaced by a (partially) randomized sequence. Therefore, the maximum information 
content that can be obtained is statistically limited by the number of random sequences 
(i.e.. library size). This eliminates other sequence families which arc not currently best, 
but which may have greater long term potential. 

Also, mutagenesis with synthetic oligonucleotides requires sequencing of 
0 individual clones after each selection round. Thus, such an approach is tedious and 
impractical for many rounds of mutagenesis. 

Thus, error-prone PCR and cassette mutagenesis are best suited, and have 
been widely used, for fine-tuning areas of comparatively low information content. One 
apparent exception is the selection of an RNA ligase ribozyme from a random library 
5 using many rounds of amplification by error-prone PCR and selection. 

It is becoming increasingly clear that the tools for the design of recombinant 
linear biological sequences such as protein, RNA ar.d DNA arc not as powerful as the 
toois nature has developed. Finding better and better mutants depends on scarchinc more 
and more sequences within larger and larger libraries, and requiring increased numbers 
cycles of mutagenic amplification and selection. However as discussed above, the 
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existing mutagenesis methods that are in widespread use have distinct limitations when 
used for repeated cycles. 

In nature the evolution of most organisms occurs by natural selection and 
sexual reproduction. Sexual reproduction ensures mixing and combining of the genes 
5 in the offspring of the selected individuals. During mciosis, homologous chromosomes 
from the parents line up with one another and cross-over part way along their length, thus 
randomly swapping genetic material. Such swapping or shuffling of the DNA allows 
organisms to evolve more rapidly. 

In sexual recombination, because the inserted sequences were of proven 
10 utility in a homologous environment, the inserted sequences are likely to still have 
substantial information content once they arc inserted into the new sequence. 

Marton et al. describes the use of PCR in vi;m to monitor recombination in 
a plasmid having directly repeated sequences. Manor, e; a!, disclose that recombination 
will occur during PCR as a result of breaking or nickr.vc of the DNA. This will give rise 
5 to recombinant molecules. Meyerhans et a!, aisc disclose the existence of DNA 
recombination during in vitro PCR. 

T^e term Applied Molecular Evolution ("AMR") means the application of an 
evolutionary design algorithm lo a specif;:, useful go^!. While many different library 
formats for A ME have been reponed for polynucleotides, peptides and proteins (phaee. 
0 inel and polysomes), none of these forma:s r. 3 ve provided for recombination by random 
cross-overs to deliberately create a combir.r.orial library. 

Theoretically there arc 2,000 different single mutants of a 100 amino acid 
protein. However, a protein of 100 amino acids has 20'" possible combinations of 
mutations, a number which is loo large lo exhaustively explore by conventional methods. 
5 It would be advantageous to develop a system which would allow generation and 
screening of all of these possible combination mu-r.ier.s. 

Some workers in the an have utilized , :vo silc spccifk recombination 
system to combine light chain antibody genes w- nenvy chain antibody genes for 
expression in a phage system. However, the:: S y>:,-m relies on specific sites of 
recombination and is limited accordingly. Simultaneous mutagenesis of antibody CDR 
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regions in single chain antibodies (scFv) by overlapping extension and PCR have been 
reported. 

Others have described a method for generating a large population of multiple 
mutants using random in vivo recombination. However, their method requires the 

5 recombination of two different libraries of plasmids, each library having a different 
selectable marker. Thus, their method is limited to a finite number of recombinations / 
equal to the number of selectable markers existing, and produces a concomitant linear 
increase in the number of marker genes linked to the selected scquence(s). 

In vivo recombination between two homologous but truncated insect-toxin 

0 genes on a plasmid have been reported as also being capable of producing a hybrid gene. 
The in vivo recombination of substantially mismatched DNA sequences in a host cell 
having defective mismatch repair enzymes, resulting in hybrid molecule formation has 
been reported. 

As discussed above, prior methods for producing random proteins from 
5 randomized genetic material have met with limited success. Perhaps the best method, 
thus far. for producing and screening a wide variety of random proteins is a method 
which utilizes enzymes to cleave (chop) a long nucleotide chain into shorter pieces 
followed by procedures to separate the chopping agents from the jjer.etic material and 
procedures to amplify (multiply the copies of) the remaining genetic material in a manner 
J that allows the annealing of the polynucleotides back in:o chains (either purposefully or 
randomly put them back together). 

A drawback to this method is the expense and inconvenience of utilizing 
biological enzymes to chop up the genetic material, which are then separated from the 
genetic material prior to the amplification step. Further, depending upon the particular 
genetic material, different concentrations of the chopping agents are required to produce 
the desired fragments. Moreover, the control mechanisms required for biological 
enzymes are not trivial. 

Accordingly, there is a need in the an for producing an improved method of 
obtaining truly random pieces of genetic material for reassembly to produce random 
proteins which may be screened for a particular use. The need to produce large libraries 
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of widely varying mutant nucleic acid sequences is an important goal. Hence, it would 
be advantageous to develop such a method for the production of mutant proteins which 
allows for the development of large libraries of mutant nucleic acid sequences which are 
easily searched. There is a need to develop such a method which allows for the 
5 production of large libraries of mutant DNA, RNA or proteins and the selection of 
particular mutants for a desired goal. * / 

The invention described herein is directed to the use of repeated cycles of 
mutagenesis, recombination and selection which allow for the directed molecular 
evolution of highly complex linear sequences, such as DNA, RNA or proteins thorough 
10 recombination. It uses repeated cycles of random points mutagenesis, nucleic acid 
shuffling and selection which allow for the directed molecular evolution in vitro of 
highly complex linear sequences, such as proteins through random recombination. 

SUMMARY OK THF fNVENTION 
The present invention is directed to a method for generating a selected mutant 

15 polynucleotide sequence (ora population of selected polynucleotide sequences) typically 
in the form of amplified and'or cloned polynucleotides, whereby the selected polynucleo- 
tide scquenccs(s) possess at least one desired phenotypic characteristic (e.g., encodes a 
polvpeptide, promotes transcription cf linked polynucleotides, binds a protein, and the 
like) which can be selected for. One method for identifying mutant polypeptides that 

20 possess a desired structure or functional property, such as binding to a predetermined 
biological macromoiccule (e.g., a receptor), involves the screening of a large library of 
polypeptides for individual library members which possess the desired structure or 
functional property conferred by the amino acid sequence of the polypeptide. 

In one embodiment, the present invention provides a method for generating 

25 libraries of displayed polypeptides or displayed antibodies suitable for affinity interaction 
screening or phenotypic screening. The method comprises (1) obtaining a fust plurality 
of selected library members comprising a displayed polypeptide or displayed antibody 
and an associated polynucleotide encoding said displayed polypeptide or displayed 
antibody, and obtaining said associated polynucleotides or copies thereof wherein said 
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associated polynucleotides comprise a region of substantially identical sequences, 
optimally introducing mutations into said polynucleotides or copies, (2) pooling the 
polynucleotides or copies, (3) producing smaller or shorter polynucleotides by 
intcrruptingarandom or particularized priming and synthesis process or an ampliation 
process, and (4) performing amplification, preferably PCR amplification, and optional!; 
mutagenesis to homologously recombine the newly synthesized polynucleotides. 

It is a particularly preferred object of the invention to provide a process for 
producing mutant polynucleotides which express a useful mutant polypeptide by a series 

of steps comprising: 

(a) producing polynucleotides by interrupting a polynucleotide 
amplification or synthesis process with a means for blocking or interrupting the 
amplification or synthesis process and thus providing a plurality of smaller or shorter 
polynucleotides due to the replication of the polynucleotide being in various stages of 
completion; 

(b) adding to the resultant population of single- or doublc-strandcd 
polynucleotides one or more single- or doublc-strandcd oligonucleotides, wherein said 
added oligonucleotides comprise an area of identity in an area of heterology to one or 
more of the single- or double-stranded polynucleotides of the population; 

(c) denaturing the resulting single'- or double-stranded oligonucleotides 
,o produce a mixture of single-strar.dcd polynucleotides, optionally separating the shorter 
or smaller polynucleotides into pools of polynucleotides having various lengths and 
further optionally subjecting said polynucleotides u> a PCR procedure to amplify one or 
more oligonucleotides comprised by at least one of said polynucleotide pools; 

(d) incubating a plurality of said polynucleotides or at least one poo! of 
said polynucleotides with a polymerase under conditions which result in annealing of 
said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and thus forming of a mutacenized double-stranded polynucleotide 
chain; 

(e) optionally repealing steps (c) and (d); 
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(0 expressing at least one mutant polypeptide from said polynucleotide 
chain, or chains; and 

(g) screening said at least one mutant polypeptide for a useful activity. 
In a preferred aspect of the invention, the means for blocking or interrupting 
5 the amplification or synthesis process is by utilization of uv light, DNA adducts, DNA 
binding proteins. Preferably, the DNA adduct is a member selected from' the group 
consisting of: 

UV light; (+)-CC-1065; (+)-CC-1065-(N3-Adeninc); a N-acclylated or deacctylatcd 4'- 
fliiro->-aminobiphcnyl adduct capable of inhibiting DNA synthesis, or a N-acetylatcd or 

10 dcacetyia.ed 4-aminobiphcny! adduct capable of inhibiting DNA synthesis; trivalent 
chromium; a trivalent chromium salt, a polycyclic aromatic hydrocarbon ("PAH") DNA 
adduct capable of inhibiting DNA replication, such as 7-bromomcthy)-benz( 0 ]anthraccnc 
("BMA"); tris(2,3-dibromopropyl)phosphatc ("Tris-3? "). l,2-dibromo-3-chloropropanc 
("DBCP"); 2-bromoacrolcin (2BA); benzofalpyre.n.^s^jhyd^j^.g.^.^j^ 

15 ("BPDE"); a platinum(II) halogen salt; N-hydroxy-2-amino-3-methylimida2of4,5-y]- 
quinoline ("N-hydroxy-IQ"); and N-hydroxy-2-arnir.o-l -rr.cthy|-6-phcnylimidaz 0 r4,5-/]- 
pyridine ("N-hydroxy-PhIP"). 

Especially preferred members from the grouping consist of UV light, (+)-CC- 
1065 and (+)-CC-1065-(N3-Ader:inei. 
20 1,1 one embodiment of the invention, the DNA adducts, or polynucleotides 

•comprising the DNA adducts. are removed from the polynucleotides or polynucleotide 
pool, such as by a process including heating the solution comprising the DNA fragments 
prior to further processing. 

Detailed Dcscrintinn nf the Invention 
25 Thc Present invention relates to an enhanced method of DNA "shuffling," 

which may be referred to as "Sexual PCR." In a preferred embodiment of the present 
invention, amplified or cloned polynucleotides possessing a desired characteristic (for 
example, encoding a polypeptide of interest, etc.) are selected (via screening of a library 
of polynucleotides, for example) and pooled. The pooled polynucleotides (or at least one 
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polynucleotide) may be subjected to random a, least one of random primer extension 
reactions or PCR amplification using random primers to multiply portions of the 
polynucleotide or polynucleotides. At various stages along the completion of the PCR 
amplification or synthesis process, the process may be olocked or interrupted. Hence, 
5 a collection of incomplete copies of the polynucleotide or polynucleotides can be 
generated by random primer extension reactions, amplification using random pnmers, 
and/or by pausing or stopping the replication process. 

These collections of shorter or smaller polynucleotides (pools) may be 
isolated or collectively amplified further by PCR, which may be interrupted again. Such 
,0 "stacking" of the amplification and pausing or stopping steps has the advantage of 
producing a truly randomized sample of polynucleotides having widely varymg lengths. 
For example, some of the smaller polynucleotides may hybridize with the longer 
polynucleotides and act as additional random primers to initiate self-priming amplica- 
tion of polynucleotides within the pool. 
15 Such a process provides an cf::-.c,t means for producing widely-varying 

random polynucleotides and subsequent -^y-vorying mutant proteins corresponding 
,o the same random selection as in the random polynucleotide pool. The reassembly of 
the shorter or smaller polynucleosis after such shuffling to produce the random 
polynucleotides may be provided by utilizing procedures standard in the an. 
20 in one embodiment of the ir.veniion. the adduct or adducts which halt or slow 

the PCR process have beer, modified with a chemical group for which there exists (or can 
be obtained) a monoclonal antibody specific for the same. Such is an example permitting 
an efficient separation of polynucleotide chains comprising the DNA adducts (or for the 
removal of the adducts which have been released from the DNA polynucleotides which 
25 comprise them) from other polynucleotide chains. In some situations, it may be desirable 
to remove such DNA adducts before further processing of the amplified polynucleotides. 
In other situations it may be desirable to to such DNA adducts in the solution with the 
intention of producing a further random^. ;.hoI of polynucleotides. Whether the DNA 
adduct is to be removed or left with!:, the polynucleotide pool depends upon the 



WO 98/01581 



PCT/US97/12239 



- 10 - 

composition of the adducl itself and the immediate goal of that amplification process 
step. 

In a preferred embodiment, the polynucleotides produced by interrupting the 
PCR amplification (and optionally subsequent amplification of the said polynucleotides 
5 to produce further randomization under conditions suitable for PCR amplifications) are 
recombincd to form a shuffled pool of recombined polynucleotides, whereby a / 
substantial fraction (e.g., greater than 10 percent) of the recombincd polynucleotides of 
said shuffled pool were not present in the first plurality of selected library members, said 
shuffled pool providing a library of displayed polypeptides or displayed antibodies 
0 suitable for affinity interaction screening. 

Optionally, the method comprises the additional step of screening the library 
members of the shuffled pool to identify individual shuffled library members having the 
ability to bind or otherwise interact (e.g., such as catalytic antibodies) with a predeter- 
mined macromolecuie, such as for example a protcinaccous receptor, peptide oligosac- 
5 charidc, viron, or other predetermined compound or structure. 

The displayed polypeptides, antibodies, pcpiidomimctic antibodies, and 
variable region sequences that are identified from such libraries can be used for 
therapeutic, diagnostic, research and related purposes (e.g., catalysis, solutes for 
increasing osmolality of an aqueous solution, and the like), and/or can be subjected to 
0 one or more additional cycles of shuffling and/or affinity selection. The method can be 
modified such that the step of selecting for a phenotypic characteristic can be other than 
of binding affinity for a predetermined molecule (e.g., for catalytic activity, stability 
oxidation resistance, drug resistance, or detectable phenotype conferred upon a host cell). 

In one embodiment, the first plurality of selected library members is 
5 polynucleotides is produced and homologous!)' recombined by PCR in vitro, the resultant 
polynucleotides are transferred into a host cell or organism via a transferring means and 
homologously recombined to form shuffied library members in vivo. 

In one embodiment, the first plurality of selected library members is cloned 
or amplified on episomaJly rcplicablc vectors, a multiplicity of said vectors is transferred 
0 into a cell and homologously recombined to form shuffled library members in vivo. 
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In one embodiment, the first plurality of selected library members is not 
produced as shorter or smaller polynucleotides, but is cloned or amplified on a 
episomally replicable vector as a direct repeat, with each repeat comprising a distinct 
species of selected library member sequence, said vector is transferred into a cell and 
5 homologously recombined by intra-vector recombination to form shuffled libr_y 

members in vivo. - / 

In an embodiment, combinations ofin vitro and in vivo shuffling are provided 

lo enhance combinatorial diversity. 

The present invention provides a method for generating libraries of displayed 

10 antibodies suitable for affinity interactions screening. The method comprises (1) 
obtaining first a plurality of selected library members comprising a displayed antibody 
and an associated polynucleotide encoding said displayed antibody, and obtaining said 
associated polynucleotide encoding for said displayed antibody and obtaining said 
associated polynucleotides or copies thereof, wherein said associated polynucleotides 

15 comprise a region of substantially identical variable region framework sequence, and (2) 
pooling and producing shorter or smaller polynucleotides with said associated 
polynucleotides or copies lo form polynucleotides under conditions suitable for VCR 
amplification by slowing or halting the PCR amplification and thereby homologously 
recombining said shorter or smaller polynucleotides to form a shuffled pool of 

20 recombined polynucleotides of said shuffled pool. CDR 'combinations comprised by the 
shuffled pool are not present in the firs; plurality of selected library members, said 
shuffled poo! composing a library of displayed antibodies comprising CDR permutations 
and suitable for affinity interaction screening. Optionally, the shuffled pool is subjected 
lo affinity screening to select shuffled library' members which bind to a predetermined 

25 epitope (antigen) and thereby selecting a plurality of selected shuffled library' members. 
Further, the plurality of selected ly shuffled library members can be shuffled and screened 
itcrativcly, from 1 to about 1000 cycles or as desired until library members having a 
desired binding affinity are obtained. 

According one aspect of the present invention provides a method for 

30 introducing one or more mutations into a template double-stranded polynucleotide. 
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wherein the template double-stranded polynucleotide has produced polynucleotides of 
a desired size by the above slowed or halted PCR process, by adding to the resultant 
population of double stranded polynucleotides one or more single or double stranded 
oligonucleotides, wherein said oligonucleotides comprise an area of identity and an area 
5 of heterology to the template polynucleotide; denaturing the resultant mixture of double- 
stranded random polynucleotides and oligonucleotides into single-stranded poJynucleo- , 
tides; incubating the resultant population of single-stranded polynucleotides with a 
polymerase under conditions which result in the annealing of said single-stranded 
polynucleotides and formation of a mutagenized double-stranded polynucleotide; and 

1 0 repeating the above steps as desired. 

In another aspect the present invention is directed to a method of producing 
recombinant proteins having biological activity by treating a sample comprising double- 
stranded template polynucleotides encoding a wild-type protein under sexual PCR 
conditions according to the present invention which provide for the production of 

15 polynucleotides which include random double-stranded polynucleotides having a desired 
size and adding to the resultant population of random polynucleotides one or more single 
or doublc-strandcd oligonucleotides, wherein said oligonucleotides comprise areas of 
identity and areas of heterology to -the template polynucleotide; denaturing the resulting 
mixture of double-stranded polynucleotides and oligonucleotides into single-stranded 

20 polynucleotides; incubating the resultant population of single-stranded polynucleotides 
with a polymerase under condition-, which cause annealing of said single-stranded 
polynucleotides at the areas of identity to occur and thus to form at least one mutagenized 
double-stranded polynucleotide; repeating the above steps as desired; and then 
expressing the recombinant protein from the mutagenized double-stranded polynucleo- 

25 tide. 

A third aspect of the present invention is directed to a method for obtaining 
chimeric polynucleotide by treating a sample comprising different double-stranded 
template polynucleotides wherein said different template polynucleotides contain areas 
of identity and areas of heterology under sexual PCil conditions which provide random 
30 double-stranded polynucleotides of a desired size from the template polynucleotide; 



WO 98/01581 



PCT/US97/12239 



- 13 - 

denaturing the resulting random double-stranded polynucleotides to provide single- 
stranded polynucleotides; incubating the resulting single-stranded polynucleotides with 
a polymerase under conditions which provide for the annealing of the single-stranded 
polynucleotides at the areas of identity and the formation of a chimeric double-stranded 
5 polynucleotide sequence comprising template polynucleotide sequences; and repeating 

the above steps as desired. ' 

A fourth aspect of the present invention is directed to a method of replicating 
a template polynucleotide by combining in vitro single-stranded template polynucleo- 
tides with small random single-stranded polynucleotides resulting from the sexual PCR 
10 process according to the present invention and dcnaturaiion of the template polynucleo- 
tide, and incubating said mixture of nucleic acid polynucleotides in the presence of a 
nucleic acid polymerase under conditions wherein a population of double-stranded 
template polynucleotides is formed. 

The invention also provides the us-: of polynucleotides shuffling, in vitro 
15 and/or in vivo to shuffle polynucleotides encoding polypeptides and/or polynucleotides 
comprising transcriptional regulatory sequences 

The invention also provides the use of polynucleotide shuffling to shuffle a 
population of viral genes (e.g., capsid proteins, spike glycoproteins, polymerases, 
proteases, etc.) or viral genomes (e.g., paramyxoviridae. orthomyxoviridae, 
20 herpesviruses, retroviruses, reoviruses, rhmoviruses. etc.). In an embodiment, the 
invention provides a method for shuffling sequences encoding alt or portions of 
immunogenic viral proteins to generate novel combinations of epitopes as well as novel 
epitopes created by recombination; such shuffled viral proteins may comprise epitopes 
or combinations of epitopes as well as novel epitopes created by recombination; such 
25 shuffled viral proteins may comprise epitopes or combinations of epitopes which are 
likely to arise in the natural environment as a consequence ofviral evolution; (e.g.. such 
as recombination of influenza virus strains'). 

The invention also provides a method suitable for shuffling polynucleotide 
sequences for generating gene therapy vectors and replication-defective gene therapy 
30 constructs, such as may be used for human gene therapy, including but not limited to 
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vaccination vectors for DNA-based vaccination, as well as antineoplastic gene therapy 
and other general therapy formats. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a prior art diagram illustrating the resulting mutant polynucleotide 
5 from mutations by error-prone PCR as contrasted with those from shuffling and 
recombination of shorter or smaller polynucleotides. 

Figure 2 is a flowchart which illustrates the principles of Sexual PCR in three 
basic steps: (1) selecting mutants for generation of random sized polynucleotides of 
polynucleotides, (2) generating random-sized polynucleotides by halting the PCR 
10 process, and reassembling the random-sized polynucleotides via PCR to form random 
polynucleotides. 

Figure 3 is a How chart which illus'.rriies the concepts of utilizing DNA 
adducts or UV light to halt PCR and to generate rar-.dom polynucleotides due to random 
priming and incomplete extension of the strands 
5 Figure 4 is a list of DNA adducts examples and UV light which may be 

utilized to halt PCR and generate random polynucleotides. 

Figure 5 is a flow chart ilius:ra:es the steps involved in utilizing UV light to 
create DNA adducts and halt PCR to generate random polynucleotides. 

Figures 6A and 6B illustrate the separation of polynucleotides before 
C assembly and the results after assembly, wherein Figure 6A is directed to separation 
bands of the prc-assembly polynucleotides and Figure 6B is directed in its lane one to 
illustrating separation bands of reassembled polynucleotides after the first round of 
reassembly PCR and in lane two illustrating separation bands of reassembled polynucleo- 
tides after the second round of reassembly PCR. Lane 2 shows the complete, rcassem- 
5 bled random polynucleotide ready for amplification, cloning and screening for a useful 
utility. 
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nPgrRTPTmN OF THE PREFERRED ) EMBODIMENTS 
Further advantages of the present invention will become apparent from the 
following description of the invention with reference to the attached drawings. 

The present invention relates to a method for nucleic acid molecule 
5 reassembly after producing random oligonucleotides via interrupted PCR, and optionally 
subjecting at least one of said random oligonucleotides to further PCR as templates to , 
produce additional oligonucleotides, and the application of such reassembly to 
mutagenesis of DNA sequences. Also described is a method for the production of 
polynucleotides encoding mutant proteins having enhanced biological activity. In 
10 particular, the present invention also relates to a method of utilizing repeated cycles of 
mutagenesis, nucleic acid shuffling according to the present invention sexual PCR 
ol.gonucleotide method and selection which allow for the creation of mutant proteins 
having enhanced biological activity. 

The present invention is directed w 3 method for generating a very large 
15 library of DNA, RNA or protein mutants. This method has particular advantages in the 
generation of related polynucleotides from which the desired active polynucleotide 
portion(s) may be selected. In particular the present invention also relates to a method 
of repeated cycles of mutagenesis, homologous recombination and selection which allow 
for the creation of mutant proteins having enhanced biological activity. 

t 

20 For clarity and consistency, the following terms will be defined as utilized 

above, throughout this document and m the claims: 

Definitions 

The term "DNA reassembly" is used when recombination occurs between 
identical sequences. 

25 By contrast, the term "DNA shuffling" is used herein to indicate recombina- 

tion between substantially homologous but r.on-idcntical sequences, in some embodi- 
ments DNA shuffling may involve crossover via non-homologous recombination, such 
as via-cer/lox and/or flp/frt systems and the like. 
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The term "amplification" means that the number of copies of a polynucleotide 
is increased. 

The term "identical" or "identity" means that two nucleic acid sequences have 
the same sequence or a complementary sequence. Thus, "areas of identity" means thai 
5 regions or areas of a polynucleotide or the overall polynucleotide are identical or 
complementary to areas of another polynucleotide or the polynucleotide. 

The term "corresponds to" is used herein to mean that a polynucleotide 
sequence is homologous(i.c., is identical, not strictly evolutionarily related) to all or a 
portion of a reference polynucleotide sequence, or that a polypeptide sequence is 
0 identical to a reference polypeptide sequence. In contradistinction, the term "comple- 
mentary to" is used herein to mean that the complementary sequence is homologous to 
all or a portion of a reference polynucleotide sequence. For illustration, the nucleotide 
sequence "TATAC" corresponds to a rcfcrcr.ee "TATAC" and is complementary to a 
reference sequence "GTATA." 
5 The following terms are used lo describe the sequence relationships between 

two or more polynucleotides: "reference sequence." "comparison window," "sequence 
identity," "percentage of sequence identity," and ".substantia! identity." A "reference 
sequence" is a defined sequence used as a basis for a sequence comparison; a reference 
sequence may be a subset of a larger sequence, for example, as.a segment of a full-lcn^lh 
> cDNA or gene sequence given in a sequcr.ee listing, or may comprise a complete cDNA 
or gene sequence. Generally, a rcferer.ee sequence is at least 20 nucleotides in length, 
frequently at least 25 nucleotides in length, and often at leas' 50 nucleotides in length. 
Since two polynucleotides may each (1) comprise a sequence (i.e., a portion of the 
complete polynucleotide sequence) that is similar between the two polynucleotides and 
(2) may further comprise a sequence that is divergent between the two polynucleotides, 
sequence comparisons between two (or more) polynucleotides are typically performed 
by comparing sequences of the two polynucleotides over a "comparison window" to 
identify and compare local regions of sequence similarity. 

- A "comparison window/' as used herein,, refers to a conceptual segment of at 
least 20 contiguous nucleotide positions wherein a polynucleotide sequence may be 
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compared to a reference sequence of at least 20 contiguous nucleotides and wherein the 
portion of the polynucleotide sequence in the comparison window may comprise 
additions or deletions (i.e., gaps) of 20 percent or less as compared to the reference 
sequence (which does not comprise additions or deletions) for optimal alignment of the 
5 two sequences. Optimal alignment of sequences for aligning a comparison window may 
be conducted by the local homology algorithm of Smith and Waterman*(1981) ApV 
Appl. Math. 2: 482 by the homology alignment algorithm of Needlemen and Wuncsch 
j Mol. Biol. 48: 443 (1970), by the search of similarity method of Pearson and Lipman 
Pmc. Natl. Acad. Sci. (U.S.A.) 85: 2444 (1988), by computerized implementations of 

10 these algorithms (GAP, BESTFIT, FASTA, and TFASTA in the Wisconsin Genetics 
Software Package Release 7.0, Genetics Computer Group, 575 Science Dr., Madison. 
\VI), or by inspection, and the best alignment (i.e., resulting in the highest percentage of 
homology over the comparison window) generated by the various methods is selected. 

The term "sequence identity" means thai two polynucleotide sequences arc 

15 identical (i.e., on a nuclcotide-by-nuclcotide basts) over the window of comparison. The 
term "percentage of sequence identity" is calculated by comparing two optimally aligned 
sequences over the window of comparison, determining the number of positions at which 
the identical nucleic acid base (e.g., A, T, C, G, U. or I) occurs in both sequences to yield 
the number of matched positions, dividing the number of matched positions by the total 

20 number of positions in the window of comparison (i.e., the window size), and 
multiplying the result by 100 to yield the percentage of sequence identity. This 
"substantial identity" as used herein denotes a characteristic of a polynucleotide 
sequence, wherein the polynucleotide comprises a sequence having at least 80 percent 
sequence identity, preferably al least 85 percent identity, often 90 to 95 percent sequence 

25 identity, and most commonly at least 99 percent sequence identity as compared to a 
reference sequence of a comparison window of at least 25-50 nucleotides, wherein the 
percentage of sequence identity is calculated by comparing the reference sequence to the 
polynucleotide sequence which may include deletions or additions which total 20 percent 
or less of the reference sequence over the window of comparison. 
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"Conservative amino acid substitutions" refer to the interchangeability of 
residues having similar side chains. For example, a group of amino acids having 
aliphatic side chains is glycine, alanine, valine, leucine, and isolcucine; a group of amino 
acids having aliphatic-hydroxyl side chains is serine and threonine; a group of amino 
5 acids having amide-containing side chains is asparaginc and glutamine; a group of amino 
acids having aromatic side chains is phenylalanine, tyrosine, and tryptophan; a group of 
. amino acids having basic side chains is lysine, arginine, and histidine; and a group of 
amino acids having sulfur-containing side chains is cysteine and methionine. Preferred 
conservative amino acids substitution groups are : valinc-leucinc-isoleucine, 
1 0 phenylalanine-tyrosine, lysine-arginine, alanine-valine, and asparagine-glutaminc. 

The term "homologous" or "homeologous" means that one single-stranded 
nucleic acid nucleic acid sequence may hybridize lo a complementary single-stranded 
nucleic acid sequence. The degree of hybridization may depend on a number of factors 
including the amount of identity between the sequences and the hybridization conditions 
15 such as temperature and salt concentrations as discussed later. Preferably the region of 
identity is greater than about 5 bp, more preferablv the region of identity is greater than 
10 bp. 

The term "heterologous" means that one single-stranded nucleic acid 
sequence is unable to hybridize to another single-stranded nucleic acid sequence or its 

20 complement. Thus areas of heterology means that areas of polynucleotides or 
polynucleotides have areas or regions within their sequence which arc unable k, 
hybridize to another nucleic acid or polynucleotide. Such regions or areas are, for 
example areas of mutations. 

The term "cognate" as used herein refers to a gene sequence that is 

25 evolutionary and functionally related between species. For example but not limitation, 
in the human genome the human CD4 gene is the cognate gene to the mouse 3d4 gene, 
since the sequences and structures of these two genes indicate that they arc highly 
homologous and both genes encode a protein which functions in signaling T cell 
activation through MHC class Il-restricted antigen recognition. 
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The term "wild-type" means that the polynucleotide does not comprise any 
mutations. A "wild type" protein means that the protein will be active at a level of 
activity found in nature and will comprise the amino acid sequence found in nature. 

The term "related polynucleotides" means that regions or areas of the 
5 polynucleotides are identical and regions or areas of the polynucleotides are heterolo- 
gous. 

The term "chimeric polynucleotide" means that the polynucleotide comprises 
regions which are wild -type and regions which are mutated. It may also meant the 
polynucleotide comprises wild-type regions form one polynucleotide and wild-type 
10 regions form another related polynucleotide. 

The term "cleaving" means digesting the polynucleotide with enzymes or 
breaking the polynucleotide. 

The term "population" as used herein means a collection of components such 
as polynucleotides, portions or polynucleotides or proteins. A "mixed population: means 
15 a collection of components which belong to the same family of nucleic acids or proteins 
(i.e., arc related) but which differ in their sequence (i.e., are not identical) and hence in 
their biological activity. 

The term "specific polynucleciide" means a polynucleotide having certain end 
points and having a certain nucleic a:i d sequence. Two polynucleotides wherein one 
20 polynucleotide has the identical sequence as a portion of the second polynucleotide but 
different ends comprises two differe::: specific polynucleotides. 

The term "mutations" means changes in the sequence of a wild- type nucleic 
acid sequence or changes in the sequence of a peptide. Such mutations may be pint 
mutations such as transitions or transversions. The mutations may be deletions, 
25 insertions or duplications. 

In the polypeptide notation used herein, the left-hand direction is the amino 
terminal direction and the nght-hand direction is the carboxy-tcrminal direction, in 
accordance with standard usage and conversion. Similarly, unless specified otherwise, 
the left-hand end of single-stranded polynucleotide sequences is the 5' end; the left-hand 
30 direction of double-stranded polynucleotide sequences is referred to as the 5* direction. 
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The direction of 5' to 3' addition of nascent RNA transcripts is referred to as the 
transcription direction; sequence regions on the DNA strand having the same sequence 
as the RNA and which are 5' to the 5' end of the RNA transcript are referred to as 
"upstream sequences"; sequence regions on the DNA strand having the same sequence 
5 as the RNA and which are 3' to the 3" end of the coding RNA transcript are referred to 
as "downstream sequences". 

The term "naturally-occurring" as used herein as applied to the object refers 
to the fact that an object can be found in nature. For example, a polypeptide or 
polynucleotide sequence that is present in an organism (including viruses) that can be 
10 isolated from a source in nature and which has not been intentionally modified by man 
in the laboratory is naturally occurring. Generally, the term naturally occurring refers 
to an object as present in a non-palhoiogical (un-disea.sed) individual, such as would be 
typical for the species. 

The term "agent" is used herein to denote a chemical compound, a mixture 
15 of chemical compounds, an array of spatially localized compounds (e.g., a VLSIPS 
peptide array, polynucleotide array, and/or combinatorial small molecule array), 
biological macromoleculc, a bacteriophage peptide display library, a bacteriophage 
antibody (e.g.. scFv) display library, a polysome peptide display library, or an extract 
made form biological materials such as bacteria, plants, fungi, or animal (part.cular 
20 mammalian) cells or tissues. Agcr.a arc evaluated lor potential activity as anti- 
neoplastics, anti-inflammatories or apoprosis modulators by inclusion in screening assays 
described hereinbdow. Agents arc evaluated for potential activity as specif c protein 
interaction inhibitors (i.e., an agent which selectively inhibits a binding interaction 
between two predetermined polypeptides but which doe snot sutjtantially interfere with 
25 cell viability) by inclusion in screening assays described hcrcinbelow. 

As used herein, "substantially pure" means an object species is the 
predominant species present (i.e., on a molar basis r. is more abundant than any other 
individual macromolecular species in the composition), and preferably substantially 
purified faction is a composition wherein the object species comprises at least about 50 
30 percent (on a molar basis) of all macromolecular species present. Generally, n 
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substantially pure composition will comprise more than about 80 to 90 percent of all 
macromolccular species present in the composition. Most preferably, the object species 
is purified to essential homogeneity (contaminant species cannot be detected in the 
composition by conventional detection methods) wherein the composition consists 
5 essentially of a single macromolecular species. Solvent species, small molecules (<500 
Daltons), and elemental ion species are not considered macromolecular species. / 
As used herein the term "physiological conditions" refers to temperature, pH, 
ionic strength, viscosity, and like biochemical parameters which are compatible with a 
viable organism, and/or which typically exist intracellular^ in a viable cultured yeast cell 

10 or mammalian ceil. For example, the intracellular conditions in a yeast cell grown under 
typical laboratory culture conditions arc physiological conditions. Suitable in vitro 
reaction conditions for in vitro transcription cocktails arc generally physiological 
conditions. In general, in vitro physiological conditions comprise 50-200 mM NaCI or 
KG, pll 6.5-S.5, 20-45°C and 0.001-10 mM divalent cation (e.g., Mg*. GT ); 

15 preferably about 150 mM NaCI or KG, pi I 7.2-7.6, 5 mM divalent cation, and often 
include 0.01-1.0 percent nonspecific protein (e.g., BSA). A non-ionic detergent (Twcen, 
NP-40, Triton X-100) can often be present, usually at about 0.001 to 2%, typically 0.05- 
0.2% (v/v). Particular aqueous conditions may be selected by the practitioner according 
to conventional methods. For genera! guidance, the following buffered aqueous 

20 conditions may be applicable: 10-250 mM NaG. 5-50 mM Tris HCI, pH 5-8, with 
optional addition of divalent cation(s) and/or metal chelators and/or non-ionic detergents 
and'or membrane fractions and/or r.r.ii-foam agents and/or scintillants. 

"Specific hybridization" is defined herein as the formation of hybrids between 
a first polynucleotide and a second polynucleotide (e.g., a polynucleotide having a 

25 distinct but substantially identical sequence to the first polynucleotide), wherein 
substantially unrelated polynucleotide sequences do not form hybrids in the mixture. 

As used herein, the term "single-chain antibody" refers to a polypeptide 
comprising a V H domain and a V L domain in polypeptide linkage, generally liked via a 
spacer peptide (e.g., [Gly-Gly-Gly-Gly-Ser]/), ar.d which may comprise additional amino 

30 acid sequences at the amino- and/or carboxy- termini. For example, a single-chain 
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antibody may comprise a tether segment for linking to the encoding polynucleotide. As 
an example, a scFv is a single-chain antibody. Single-chain antibodies are generally 
proteins consisting of one or more polypeptide segments of at least 1 0 contiguous amino 
substantially encoded by genes of the immunoglobulin supcrfamily (e.g., see The 
5 immunoglobulin Gene Superfamilv , A.F. Williams and A.N. Barclay, in Immunoglobulin 
Genes. T. Honjo, F.W. Alt, and THE. Rabbits, ed.s„ (1 989) Academic press: San Diego, 
, CA, pp. 361-368, which is incorporated herein by reference), most frequently encoded 
by a rodent, non-human primate, avian, porcine bovine, ovine, goat, or human heavy 
chain or light chain gene sequence. A functional single-chain antibody generally 
10 contains a sufficient portion of an immunoglobulin supcrfamily gene product so as to 
retain the property of binding to a specific target molecule, typically a receptor or antigen 
(epitope). 

As used herein, the term "complementarity-determining region" and "CDR" 
refer to the art- recognized lerm as exemplified by the Kabat nnd Chothia CDR definitions 

1 5 also generally known as supervariable regions or hypervariablc loops (Chothia and Leks 
(I 987) J. Mol.Biol. 196; 901 ; Clothia ct a!. (1989) Nature 342; 877; E.A. Kabat e: al., 
Sequences of Proteins of Immunological Interest (national Institutes of Health, Bethesda, 
MD) (1987); and Tramontano et a!.- (1990) J. Mol. Bioloo. 2 I S- 175). Variable region 
domains typically comprise the amir.o-terminal approximatejy 105-1 15 amino acids of 

0 a naturaJiy-occurring immunoglobulin chain (e.g.. amino acids 1-110), although variable 
domains somewhat shorter or longer arc also suitable for forming single-chain 
antibodies. 

An immunoglobulin light or heavy chain variable region consists of a 
"framework" region interrupted by three hypervariable regions, also called CDR's. The 
5 extent of the framework region and CDRs have been precisely defined (see, "Sequences 
of Proteins of Immunological Interest," E. Kaba: et aL 4th Ed.. U.S. Department of 
Health and human services, Bethesda, MD (1937)). The sequences of the framework 
regions of different light or heavy chains are reb-.eiy conserved within a specie. As 
used herein, a "human framework region" is a framework region that is substantially 
identical (about 85 or more, usually 90-95 or more) to the framework region of a 



-WO 98/01581 PCT/US97/12Z39 

-23 - 

naturally occurring human immunoglobulin, the framework region of an antibody, that 
is the combined framework regions of the constituent light and heavy chains, serves to 
position and align the CDR's. The CDR's are primarily responsible for binding to an 
epitope of an antigen. 

5 As used herein, the term "variable segment" refers to a portion of a nascent 

peptide which comprises a random, pseudorandom, or defined kernal sequence. A , 
variable segment" refers to a portion of a nascent peptide which comprises a random 
pseudorandom, or defined kcmal sequence. A variable segment can comprise both 
variant and invariant residue positions, and the degree of residue variation at a variant 

10 residue position may be limited: both options are selected at the discretion of the 
practitioner. Typically, variable segments arc about 5 to 20 amino acid residues in length 
(e.g., 8 to 10), although variable segments may be longer and may comprise antibody 
portions or receptor proteins, such as an antibody fragment, a nucleic acid binding 
protein, a* receptor protein, and the like. 

15 As used herein, "random peptide sequence" refers to an amino acid sequence 

composed of two or more amino acid monomers and constructed by a stochastic or 
random process. A random peptide czn include framework or scaffolding motifs, which 
may comprise invariant sequences. 

As used herein "random pcpiide library" refers to a set of polynucleotide 

20 sequences that encodes a set of random peptides, and to the set of random peptides 
encoded by those polynucleotide sequences, as well as the fusion proteins comain those 
random peptides. 

As used herein, the term "pseudorandom" refers to a set of sequences that 
have limited variability, sot that for example the degree of residue variability at another 
25 position, but any pseudorandom position is allowed some degree of residue variation, 
however circumscribed. 

As used herein, the term "defined sequence framework" refers to a set of 
defined sequences that are selected on a non-random basis, generally on the basis of 
experimental data or structural data; for example, a defined sequence framework may 
30 comprise a set of amino acid sequences thai are predicted to form a fl-shect structure or 
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may comprise a leucine zipper heplad repeat motif, a zinc-finger domain, among other 
variations. A "defined sequence kcmal" is a set of sequences which encompass a limited 
scope of variability. Whereas (1) a completely random 10-mcr sequence of the 20 
conventional amino acids can be any of (20)'° sequences, and (2) a pseudorandom 10- 
5 mer sequence of the 20 conventional amino acids can be any of (20)'° sequences but will 
exhibit a bias for certain residues at certain positions and/or overall, (3) -a defined 
sequence kemal is a subset of sequences if each residue position was allowed to be any 
of the allowable 20 conventional amino acids (and/or allowable unconventional 
amino/imino acids). A defined sequence kcmal generally comprises variant and 
10 invariant residue positions and/or comprises variant residue positions which can 
comprise a residue selected from a defined subs^ of amino acid residues), and the like, 
cither scgmentally or over the entire length of the individual selected library member 
sequence. Defined sequence kernels can refer to either amino acid sequences or 
polynucleotide sequences. Of illustration and no: imitation, the sequences (NNK) 10 and 
5 (NNM), 0 , wherein N represents A, T, G, or C; K .—resents G or T; and M represents A 
or C, are defined sequence kernels. 

As used herein "epitope" refers to that portion of an antigen or other 
macrcmolccule capable of forming a binding interaction that interacts with the variable 
region binding body of an antibody. Typical!;,, seen binding interaction is manifested 
0 as nn ir.termolecular contact with one cr rr.ore amino acid residues of a CDR. 

As used herein, "receptor" refers to 2 molecule that has an affinity for a given 
ligar.d. Receptors can be naturally occurring or synthetic molecules. Receptors can be 
employed in an unaltered state or as aggregates with other species. Receptors can be 
attached, covalcntly or non-covalently, to a binding member, -iiher directly or via a 
specific binding substance. Examples of receptors include, but arc not limited to, 
antibodies, including monoclonal antibodies and ar.tisera reactive with specific antigenic 
determinants (such as on viruses, cells, or other materials), ceil membrane receptors, 
complex carbohydrates and glycoproteins, enr.tv.-.- .;. nr.d hormone receptors. 

.As used herein "ligand" refers to a tr.^ecue, such as a random peptidc Q . 
variable segment sequence, that is recognized by a particular receptor. As one of skill 
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in the art will recognize, a molecule (or macromolecular complex) can be both a receptor 
and a ligand. In general, the binding partner having a smaller molecular weight is 
referred to as the ligand and the binding partner having a greater molecular weight is 
referred to as a receptor. 
5 As used herein, "linker" or "spacer" refers to a molecule or group of 

molecules that connects two molecules, such as a DNA binding protein and a random ^ 
peptide, and serves to place the two molecules in a preferred configuration, e.g., so that 
the random peptide can bind to a receptor with minimal steric hindrance from the DNA 
binding protein. 

10 As used herein, the term "opcrably linked" refers to a linkage of polynucleo- 

tide elements in a functional relationship. A nucleic acid is "opcrably linked" when it is 
placed into a functional relationship with another nucleic acid sequence. For instance, 
a promoter or enhancer is operably linked to a coding sequence if it affects the 
transcription of the coding sequence. Operably linked means that the DNA sequences 

15 being linked are typically contiguous and. where necessary to join two protein coding 
regions, contiguous and in reading frame. 

As used herein, the "means for slowing or halting the PCR amplification 
process" is defined as utilization of UV light or a DNA adduct to slow or halt the PCR 
amplification of at least one polynucleotide. Preferably, such a means is either UV light 

20 or a DNA adduct which is a member selected from the group consisting of: (+)-CC- 
1065. or a synthetic analog such as (+)-CC-1065-(N3-Adcnin=). (see. Biochem. 31. 
2S22-2S29 (1992)); a N-acclvlated or deacctylated 4 , -fluro-4-aminobiphcnyl adduct 
capable of inhibiting DNA synthesis (see, for example. Carcinogenesis vol. 13, No. 5, 
751-758 (1992); or a N-acctylatcd or deacctylated 4-aminobiphenyl adduct capable of 

25 inhibiting DNA synthesis (sec also, 1*1. 751-758); trivalent chromium, a trivalen; 
chromium salt, a polycyclic aromatic hydrocarbon ("PAH") DNA adduct capable of 
inhibiting DNA replication, such as 7-bromomethyl-benz[a]anthracene ("BMA"), 
tris(2,3-dibromopropy!)pho.sphale ("Tris-BP"). 1 ,2-dibromo-3-chloropropane ("DBCP"), 
2-bromoacrolein (2BA), benzo[a]p>Ter.e-7,S-dihydrodiol-9-10-cpoxide ("BPDE"), a 

30 platinum(II) halogen salt, N-hydroxy-2-aminoo-methylimidazo[4,5-/]-quinolinc ("N- 
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hydroxy-IQ"), and N-hydroxy-2-amino-l-methyl-6-phenyIimida2of4,5-y]-p>Tidine ("N- 
hydroxy-PhlP"). Especially preferred "means for slowing or halting PCR amplification 
consist of UV light (+)-CC-1065 and (+)-CC-1065-(N3-Adenine). Particularly 
encompassed means arc DNA adducts or polynucleotides comprising the DN A adducts 
5 from the polynucleotides or polynucleotides pool, which can be released or removed by 
a process including heating the solution comprising the polynucleotides prior to farther , 
processing. 



Methodology 



Nucleic acid shuffling is a method for in vitro or in vivo homologous 
10 recombination of pools of shorter or smaller polynucleotides to produce a polynucleotide 
or polynucleotides. Mixtures of related nucleic acid sequences or polynucleotides are 
subjected to sexual PCR to provide random polynucleotides, and reassembled to yield 
a library or mixed population of recombinant mu:ani nucleic acid molecules or 
polynucleotides. 

15 ln contrast to cassette mutagenesis, cniv shuffling and error-prone PCR allow 

one to mutate a pool of sequences blindh (without sequence information other than 
primers). 

The advantage of the mutagenic shuffling of this invention over cnor-pronc 
PCR alone for repeated selection ca:i best be explained with an example from antibody 

20 engineering. In Figure 1 is shown a prior an schematic diagram of DNA shuffling as 
compared with error-prone PCR (not sexual PCR). The initial library of selected pooled 
sequences can consist of related sequences of diverse origin (i.e. antibodies from naive 
mRNA) or can be derived by any type of mutagenesis (including shuffling) of a single 
antibody gene. A collection of selected complementarity determining regions ("CDRs") 

25 is obtained after the first round of affinity selection (Fig. 1). In the diagram the thick 
CDRs confer onto the antibody molecule increased atTmity for the antigen. Shuffling 
allows the free combinatorial association of all o: the CDRls with all of the CDR2s with 
all of the CDR3s, etc. 
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This method differs from error-prone PCR, in that it is an inverse chain 
reaction. In error-prone PCR, the number of polymerase start sites and the number of 
molecules grows exponentially. However, the sequence of the polymerase start sites and 
the sequence of the molecules remains essentially the same. In contrast, in nucleic acid 
5 reassembly or shuffling of random polynucleotides the number of start sites and the 
number (but not size) of the random polynucleotides decreases over time. For'' 
polynucleotides derived from whole plasmids the theoretical endpoint is a single, large 
concatemeric molecule. 

Since cross-overs occur at regions of homology, recombination will primarily 
10 occur between members of the same sequence family. This discourages combinations 
of CDRs that are grossly incompatible (e.g., directed against different epitopes of the 
same antigen). It is contemplated that multiple families of sequences can be shuffled in 
the same reaction. Further, shuffling generally conserves the relative order, such that, 
for example, CDR1 will not be found in the position of CDR2. 
15 Rare shufflams will contain a lar^e number of the best (eg. highest affinity) 

CDRs and these rare shufflams may be selected based on their superior affinity (Fig. 1 ). 
CDRs from a pool of 1 00 different selected antibody sequences can be pcrmutalcd in up 
ia 1006 different ways. This large number of permutations cannot be represented in a 
single library of DNA sequences. Accordingly, it is contemplated that multiple cycles 
20 of DNA snuffling and selection may be required depending or 'he length of the sequence 
arid the sequence diversity desired. 

Error-prone PCR, in contrast, keeps all the selected CDRs in the same relative 
sequence (Fig. i), generating a much smaller mutant cloud. 

The template polynucleotide which may be used in the methods of this 
25 invention may be DNA or RNA. It may be of various lengths depending on the size of 
the gene or shorter or smaller polynucleotide to be rccombincd or reassembled. 
Preferably, the template polynucleotide is from 50 bp to 50 kb. It is contemplated that 
entire vectors containing the nucleic acid encoiiing the protein of interest can be used in 
the methods of this invention, and in fact have been successfully used. 



• WO 98/01581 



PCTAJS97/12239 



- 28 - 

The template polynucleotide may be obtained by amplification using the PCR 
reaction (U.S. Patent No. 4,683,202 and 4,683,195) or other amplification or cloning 
methods. However, the removal of free primers from the PCR products before subjecting 
them to pooling of the PCR products and sexual ? r R may provide more efficient results. 
5 Failure to adequately remove the primers from the original pool before sexual PCR can 
lead to a low frequency of crossover clones. 

The template polynucleotide often should be double-stranded. A dou- 
ble-stranded nucleic acid molecule is recommended to ensure that regions of the resulting 
single-stranded polynucleotides are complementary to each other and thus can hybridize 
10 to form a double-stranded molecule. 

It is contemplated that single-stranded or double-stranded nucleic acid 
polynucleotides having regions of identity to the template polynucleotide and regions of 
heterology to the template polynucleotide may be added to the template polynucleotide, 
at this step. It is also contemplated that two different but related polynucleotide 
15 templates can be mixed at this step. 

The double-stranded polynucleotide template and any added double-or 
single-stranded polynucleotides are subjected to sexua! PCR which includes slowing or 
halting to provide a mixture of from about 5 bp to 5 kb or more. Preferably the size of 
the random polynucleotides is from about 10 bp to 1000 bp; more preferably the size of 
20 the polynucleotides is from about 20 bp to 500 bp. 

Alternatively, it is also contemplated that double-stranded nucleic acid having 
multiple nicks may be used in the methods of this invention. A nick is a break in one 
strand of the double-stranded nucleic acid. The distance between such nicks is preferably 
5 bp to 5 kb, more preferably between 10 bp to 1000 bp. This can provide areas of self- 
25 priming to produce shorter or smaller polynucleotides to be included with the 
polynucleotides resulting from random primers, for example. 

Tne concentration of any one specific polynucleotide will not be greater than 
1% by weight of the total polynucleotides, more preferably the concentration of any one 
specific nucleic acid sequence will not be greater than 0.1% by weight of the total nucleic 
30 acH. 
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TTk number of different specif.c polynucletides in the mixture will be at least 
about 100, preferably at least about 500, and more preferably at least about 1000. 

At this s'ep single-stranded or double-stranded polynucleotides, e.ther 
synthetic or natural, may be added to the random double-stranded shorter or smaller 
5 polynuc.cotidcs in order to increase the heterogeneity of the mixture of polynuc.cofdes. 

It is also contemplated that populations of double-slranded randomly broken , 
polypeptides may be mixed or combined at this step with the polynucleotides from the 
sexual PCR process and optionally subjected to one or more additional sexual PCR 

10 CyC '"' Where insertion of mutations into the template polynucleotide is desired, 
sing.c-stranded or double-stranded polynucleotides having a region of identity to the 
template po.vnuc.eotidc and a region of horology to the template po.ynuc.eot.de may 
be added in'a 20 fold excess by weigh: as compared to the tota. nucleic acid, more 
preferably the sin S ,,s:randcd polynucleo^; may be added in a ,0 fo.d excess by 

15 weight as compared to the total nucleic acid 

f r.v^„. k .-e^ template polynucleotides is desired. 

Where a mixture of diiiC=cr,i u-. .-.-.e- it-iiiyi*" v - 

r i -i-ntiH^f'Dn"-TO'"ihe templates maybe combined at a ratio 
populations of Dolynuclcotidts ..on — v 

n ■ •„,, fl00 r or^e^"v the ratio is less than about 1:40. Forexample, 

of less man aoout 1 .IUU, moi- p.-»- — - 

r u m ^ noK . T .,-...-^ with a nonunion of nutated polynucleotide 

u , . . tA r v ~. -ions (e.g. mutations yielding an insubstantial 

20 rnav be desired to er.rnmaie r.^~. J .-..^<- v & 

w -..^:«n c*u clc d for) In such an example, the ratio 
alteration in the pnenotypic propc. . . . uu k..;. 

of randoms provided wi.d-t>?c polynucleotides which may be added to the randomly 
provided sexual PCR cycle mutan: polynucleotides is approximately ! : 1 to about 100: : , 

and more preferably from 1:1 to 40:1. 
25 TV mixed population of random polynucleotides are denatured to form 

single-stranded polynucleotides and then repealed. Only those single-stranded 

r I ,,.:.u n>V\nr finale-stranded polynucleotides 

polynucleotides having regions of homo.,-.-.. v...h o^rsm^ie p y 

will rc-anneal. 

The rar.dom polynucleotides rr.=y be denatured by heating. One skilled in the 
30 an could determine the conditions necessary ;o completely denature the double-stranded 
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nucleic acid. Preferably the temperature is from 80 °C to 100 °C, more preferably the 
temperature is from 90 °C lo 96 °C. other methods which may be used to denature the 
polynucleotides include pressure (36) and pH. 

The polynucleotides may be re-annealed by cooling. Preferably the 
5 temperature is from 20 °C to 75 °C, more preferably the temperature is from 40 °C to 
65 °C. If a high frequency of crossovers is needed based on an average of only 4 
• consecutive bases of homology, recombination can be forced by using a low annealing 
temperature, although the process becomes more difficult. The degree of rcnaturation 
which occurs will depend on the degree of homology between the population of 
10 single-stranded polynucleotides. 

Renatumtion can be accelerated by the addition of polyethylene glycol 
("PEG") or salt. The salt concentration is preferably from 0 mM to 200 mM, more 
preferably the salt concentration is from 10 mM to !00 mm. The salt may be KG or 
NaCl. The concentration of PEG is preferably from 0% to 20%, more preferably from 
15 5% to 10%. 

The annealed polynucleotides arc r.cxt incubated in the presence of a nucleic 
acid polymerase and dNTP's (i.e. DA TP, dCTP, DGTP and DTTP). The nucleic acid 
polymerase may be the Klenow fragnc.T., the Taq polymerase or any other DNA 
polymerase known in the art. , 
-0 The approach to be used for the assembly depends on the minimum degree 

of homology that should still yield crossovers. If the areas of identity are large, Taq 
polymerase can be used with an annealing temperature of between 45-65 °C. If the areas 
of identity are small, Klenow polymerase can be used with an annealing temperature of 
between 20-30 °C. One skilled in the an could vary* the temperature of annealing lu 
25 increase the number of cross-overs achieved. 

The polymerase may be added to the random polynucleotides prior to 
annealing, simultaneously with annealing or after annealing. 

The cycle of denaturation, rcnaturatic:* ::nd incubation in the presence of 
polymerase is referred to herein as shuffling or reassembly of the nucleic acid. This 
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cycle is repeated for a desired number of times. Preferably the cycle is repeated from 2 
to 50 times, more preferably the sequence is repeated from 1 0 to 40 times: 

The resulting nucleic acid is a larger double-stranded polynucleotide of from 
about 50 bp to about 100 kb, preferably the larger polynucleotide is from 500 bp to 50 
5 kb. 

This larger polynucleotides may contain a number of copies of a polynucleo- 
tide having the same size as the template polynucleotide in tandem. This concatcmeric 
polynucleotide is then denatured into single copies of the template polynucleotide. The 
result will be a population of polynucleotides of approximately the same size as the 

10 template polynucleotide. The population will be a mixed population where single or 
double-stranded polynucleotides having an area of identity and an area of heterology 
have been added to the template polynucleotide prior to shuffling. 

These polynucleotides arc then cloned into the appropriate vector and the 
ligation mixture used to transform bacteria. 

15 u is contemplated that the single polynucleoiides may be obtained from the 

larger concatemeric polynucleotide by amplification of the single polynucleotide prior 
to cloning by a variety of methods including PCR (U.S. Patent No. 4,683,195 and 
4.6S3.202), rather lhan by digestion of ihc concaiemer. 

The vector used for cloning is no: critical provided that it will accept a 

20 polynucleotide or" the desired size. If expression of the p_.ni.jiar polynucleotide is 
desired, the cloning vehicle should further comprise transcription and translation signals 
next to the site of insertion of the polynucleotide to allow expression of the polynucleo- 
tide in the host cell. Preferred vectors include the pUC series and the pBR series of 
plasmids. 

25 The resulting bacterial population will include a number of recombinant 

polynucleotides having random mutations. This mixed population may be tested to 
identify the desired recombinant polynucleotides. The method ofsclcction will depend 
on the polynucleotide desired. 

For example, if a polynucleotide which encodes for a protein with increased 

30 binding efficiency to a ligar 1 is desired, the proteins expressed by each of the portions 
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of the polynucleotides in the population or library may be tested for their ability to bind 
to the ligand by methods known in the art (i.e. panning, affinity chromatography). If a 
polynucleotide which encodes for a protein with increased drug resistance is desired, the 
proteins expressed by each of the polynucleotio^ in the population or library may be 
5 tested for their ability to confer drug resistance to the host organism. One skilled in the 
art, given knowledge of the desired protein, could readily test the population to identify 
polynucleotides which confer the desired properties onto the protein. 

It is contemplated that one skilled in the art could use a phage display system 
in which fragments of the protein are expressed as fusion proteins on the phage surface 
10 (Pharmacia, Milwaukee \VI). The recombinant DNA molecules arc cloned into the" 
phage DNA at a site which results in the transcription of a fusion protein a portion of 
which is encoded by the recombinant DNA molecule. The phage containing the 
recombinant nucleic acid molecule undergoes replication and transcription in the cell. 
The leader sequence of the fusion protein directs the transport of the fusion protein to the 
15 tip of the phage panicle. Thus the fusion protein which is partially encoded by the 
recombinant DNA molecule is displayed on the phage panicle for detection and selection 
by the methods described above. 

It is further contemplated that a number of cycles of nucleic acid shuffling 
may be conducted with polynucleotides from a sub-population of the first population. 
20 which sub-population contains DNA encoding the desired recombinant protein. In this 
manner, proteins with even higher binding affinities or enzymatic activity could be 
achieved. 

It is also contemplated that a number of cycles of nucleic acid shuffling may 
be conducted with a mixture of wild-type polynucleotides and a sub-population of 
25 nucleic acid from the first or subsequent rounds of nucleic acid shuffling in order to 
remove any silent mutations from the sub-population. 

Any source of nucleic acid, in purified form can be utilized as the starting 
nucleic acid. Thus the process may employ DNA or RNA including messenger RNA, 
which DNA or RNA may be single or double stranded. In addition, a DNA-RNA hybrid 
j>0 which contains one strand of each may be u.ilized. The nucleic acid sequence 



- WO 98/01581 



PCTAJS97a2239 



- 33 - 

may be of various lengths depending on the size of the nucleic acid sequence to be 
mutated. Preferably the specific nucleic acid sequence is from 50 to 50000 base pairs. 
It is contemplated that entire vectors containing me nucieic acid encoding the protein of 
interest may be used in the methods of this invention. 
5 The nucleic acid may be obtained from any source, for example, frorn 

plasmids such a pBR322, from cloned DNA or RNA or from natural DNA or RNA from 
any source including bacteria, yeast, viruses and higher organisms such as plants or 
animals. DNA or RNA may be extracted from blood or tissue material. The template 
polynucleotide may be obtained by amplification using the polynucleotide chain reaction 
10 (PCR) (U.S. Patent no. 4.683,202 and 4,683,195). Alternatively, the polynucleotide may 
be present in a vector present in a cell and sufficient nucleic acid may be obtained by 
culruring the cell and extracting the nucleic acid from the cell by methods known in the 
art. 

Any specific nucleic acid sequence can be used to produce the population of 
15 mutants by the present process. It is only necessary that a small population of mutant 
sequences ofthe specific nucleic acid sequence exist or be created prior to the present 
process. 

The initial small population cf the specific nucleic acid sequences having 
mutations may be created by a number of different methods. Mutations may be created 

20 by error-prone PCR. Enor-pror.e PGR uses low-fidelity polymerization conditions to 
introduce a low level of point nutations randomly over a long sequence. Alternatively, 
mutations can be introduced into the template polynucleotide by oligonucleo- 
tide-directcd mutagenesis. In oligonucleolide-directcd mutagenesis, a short sequence of 
the polynucleotide is removed from the polynucleotide using restriction enzyme 

25 digestion and is replaced with a synthetic polynucleotide in which various bases have 
been altered from the original sequence. The polynucleotide sequence can also be altered 
by chemical mutagenesis. Chemical mutagens include, for example, sodium bisulfite, 
nitrous acid, hydroxylamine, hydrazine or formic acid, other agents which arc analogues 
of nucleotide precursors include nitrosoguanidinc, 5-bromouracil, 2-aminopurine, or 

30 acridine. Generally, these agents arc added to the PCR reaction in place ofthe nucleotide 
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precursor thereby mutating the sequence. Intercalating agents such as proflavine, 
acriflavine, quinacrine and the like can also be used. Random mutagenesis of the 
polynucleotide sequence can also be achieved by irradiation with X-rays or ultraviolet 
light. Generally, plasmid polynucleotides so mutagenized are introduced into E. coli and 

5 propagated as a pool or library of mutant plasmids. 

Alternatively the small mixed population of specific nucleic acids may be 

' found in nature in that they may consist of different alleles of the same gene or the same 
gene from different related species (i.e., cognate genes). Alternatively, they may be 
related DNA sequences found within one species, for example, the immunoglobulin 

0 genes. 

Once the mixed population of the specific nucleic acid sequences is 
generated, the polynucleotides can be used directly or inserted into an appropriate 
cloning vector, using techniques well-known in. the an. 

The choice of vector depends on the size of the polynucleotide sequence and 
the host cell to be employed in the methods of this invention. The templates of this 
invention may be plasmids, phages, cosrr.ids. phagemids, viruses (e.g., retroviruses, 
parainfluenzavirus. herpesviruses, rcovipjscs, paramyxoviruses, and the like), or selected 
portions thereof (e. g., coat protein, spike glycoprotein, capsid protein). For example, 
cosmids and phagemids are preferred where the specific nucleic acid sequence to be 
mutated is larger because these vectors are able to stabiy propane large polynucleo- 
tides. 

If the mixed population of the specific nucleic acid sequence is cloned into 
a vector it can be clonally amplified by inserting each vector into a host cell and allowing 
the host cell to amplify* the vector. This is referred to as clonal amplification because 
while the absolute number of nucleic acid sequences increases, the number of mutants 
docs not increase. Utility can be readily determined by screening expressed polypep- 
tides. 

The DNA shuffling method of this invention can be performed blindly on a 
pool of unknown sequences. By adding to the reassembly mixture oligonucleotides (with 
ends that are homologous to the sc quences being reassembled) any sequence mixture can 
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be incorporated at any specific position into another sequence mixture. Thus, ,, is 
contemplated that mixtures of synthetic oligonucleotides. PGR po.ynucleotides or even 
whole genes can be mixed into another sequence Horary at defined positions. The 
insectr, of one sequence (mixture) is indeoendent from the insertion of a sequence ,n 
5 another part of the template. Thus, the degree of recombination, the homology required, 
the diversity of the .ibrary can be independently and simultaneously varied along the 

length of the reassembled DN A. 

This approach of mixing two genes may be useful for the human.zat.on of 
antibodies from murine hybndoma, The approach of mixing nvo genes or tnserung 
,0 mutant sconces into genes may be usefu, for any thcrapeutica.lv used prote.n, for 
cxanole imedeukm I, antibodies, tPA, growth hormone, etc. The approach may also be 
us-fui in »y nucleic acid for example, promoters or introns or 3 1 untranslated regton or 
5 translated regions of genes to increase expression or alter s ? ccif,city 
of crotcins. The approach may also be used to mutate ribozymes or aptamers. 
15 ' Shuffling requires the presence of homologous regions separating reg.ons of 

div -,si,v Scaffold-like protein structures may be particularly suitable for shuffling. The 
cons—d scaffold determines the overall folding by sclf-association, while displaying 
rc ,at,velv unrestricted loops th, media, the specific binding. Examples ot such 
,-^olds'are the immunoglobulin beta-barrel, and the four-helix bundle which ore wcll- 

. . .. -p.:. -u... Tl ;.., b - used to create scaffold-like proteins with various 
20 known in :r.e ar.. i ni> sriu.ii... b >.x. . 

• ■ .■ .r „,,. n i|.,-' ^t'tccs for binding, 
comosnations ot rnuiJico s-.j--..":> •>-• t> 

!n Vilro Shuffli ng 

H- cauivalents of some standard genetic mati..gs may also be performed by 
shuffling in v,>. For example, a "molecular backcross" can be performed by repeatedly 
,5 nixinz the mutant's nuc.e,c acid with the wild-type nucleic acid while selecting for the 
notations of interest. As in traditional breeding this approach can be used to combine 
phenotypes from different sources into a background of choice. It is useful, for example, 
for the removal of neutral mutations that affect unselected characteristics (i.e. 
immunoecnicity). Thus it can be useful to determine which mutations in a pro.cn are 
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involved in the enhanced biological activity and which are not, an advantage which 
cannot be achieved by error-prone mutagenesis or cassette mutagenesis methods. 

Large, func'lona' 2»nes can be assembled correctly from a mixture of small 
random polynucleotides. This reaction may be of use for the reassembly of genes from 
5 the highly fragmented DNA of fossils. In addition random nucleic acid fragments from 
fossils may be combined with polynucleotides from similar genes from related species. 

It is also contemplated that the method of this invention can be used for the 
in vitro amplification of a whole genome from a single cell as is needed for a variety of 
research and diagnostic applications. DNA amplification by PCR is in practice limited 
10 to a length of about 40 kb. Amplification of a whole genome such as that or£. coli (5;- 
000 kb) by PCR would require about 250 primers yielding 1 25 forty kb polynucleotides. 
This approach is not practical due to the unavailability ofsufficient sequence data. On 
the other hand, random production of polynucleotides of (he genome with sexual PCR 
cycles, followed by gd purification of small polynucleotides will provide a multitude of 
15 possible primers. Use of this mix of random small polynucleotides as primers in a PCR 
reaction alone or with the whole genome as the template should result in an inverse chain 
reaction with the theoretical endpoin: of a single cor.caicmcr containing many copies of 
the genome. 

100 fold amplification in the copy number and an average polynucleotide size 
0 of greater than 50 kb may be obtained when only random polynucleotides are used. It 
is thought that the larger concatcrr.er is generated by overlap of many smaller polynuc- 
leotides. The quality of specific PCR products obtained using synthetic primers will be 
indistinguishable from the product obtained from unamplitied DNA. It is expected that 
this approach will be useful for the mapping of genomes. 
5 The polynucleotide to be shuffled can be produced 35 random or non-random 

polynucleotides, at the discretion of the practitioner. 

In Vivo Shufllinr 

•In an embodiment of in vivo shuffling, the nixed population of the specific 
nucleic acid sequence is introduced into bacterial or cukaryotic cells under conditions 
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such that at least two different nucleic acid sequences are present in each host cell. The 
polynucleotides can be introduced into the host cells by a variety of different methods. 
The host cells can be transformed with the smaller polynucleotides using methods known 
in the art, for exajnple treatment with calcium chloride. If the polynucleotides are 

5 inserted into a phage genome, the host cel. can be transfected with the recombinant phage 
genome having the specific nucleic acid sequences. Alternatively, the nucleic acid , 
sequences can be introduced into the host cel. using e.ectroporation, transfecuon, 
lipofection, biolistics, conjugation, and the like. 

I„ general, in this embodiment, the specific nucleic acids sequences w,ll be 

10 present in vectors which are capable of stably replicating the sequence in the host cell. 
,n addition, it is contemplated that the vectors will encode a marker gene such that host 
cells having the vector can be selected. This ensures that the mutated specific nucle.c 
acid sequence can be recovered after introduction into the host cell. However. „ ,s 

, cn^rifir nMcleic acid sequences need 

contemplated that the entire mixed population o. v., sp-cific nacle.c q 

. MMf rr» Pa-hcro-,iv a sufficient number of sequences need 
15 not be orcscnt on a vector sequence. Ka.ncro.,.. 

tV,L o'W ir.-o-=!ciion of the polynucleotides into the 
be cloned into vectors to ensure tha. a.tcr ir...o— ^ ioi 

► cells each ho, cc„ covins on. veco, r,™g « one specific „uc,e,c a c,d 
s c ql! „== prcs-n, .hecin. »*• c.« 1E r.ptad ,h M *m tm .»>** • * lh = 

i •, ,.,oi-nc~s cloned into vectors, this subset may 
population of the spec.fic nucleic aciu, s.qL.nc. con 

20 b- alreadv stablv integrated into the hest cell. 

' lt has been found .hat when two polynucleotides which have rcg.ons ol 
id-ntitv are inserted into the host ceils homologous recombination occurs between the 
two po^ucleotide, Such recombination between the two mutated specific nucleic acd 
sequences will result in the production of double or triple mutants in some situations. 
25 It has also been found that the frequency of recombination ,s increased ,f 

some of the mutated specific nucleic acd sequences are present on linear nucleic acid 
nnolecule, Therefore, in a preferred embodiment, some of the specific nucleic acd 
sequences are present on linear polynucleotides. 

• After information, the host cell transformants are placed under selection 
30 to identify those host cell transformants which contain mutated specific nucleic acid 
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sequences having the qualities desired. For example, if increased resistance lo a 
particular drug is desired then the transformed host cells may be subjected to increased 
concentrations of the particular drug and those transformants producing mutated proteins 
able to confer increased drug resistance will be selected. If the enhanced ability of a 
5 particular protein to bind to a receptor is desired, then expression of the protein can be 
induced from the transformants and the resulting protein assayed in a Itgand binding 
• assay by methods known in the art to identify that subset of the mutated population 
which shows enhanced binding to theligand. Alternatively, the protein can be expressed 
in another system to ensure proper processing. 
10 Once a subset of the first rccombined specific nucleic acid sequences- 

(daughter sequences) having the desired characteristics arc identified, they are then 
subject to a second round of recombination. 

In the second cycle of recombination, she rccombined specific nucleic acid 
sequences may be mixed with the original mu:a:;d specific nucleic acid sequences 
15 (parent sequences) and the cycle repeated as dcsrribea above. In this way a set of second 
rccombined specific nucleic acids sequences car. identified which have enhanced 
characteristics or encode for proteins having enhanced properties. This cycle can be 
repeated a number of limes as desired. 

It is also contemplated that n the second or subsequent recombination cycle, 
0 a backcross can be performed. A molecular backcross can be pt. .oraed by mixing the 
desired specific nucleic acid sequences wit:, a large number of the wild-typc sequence, 
such that at least one wild-type nucieic acid sequence and a mutated nucleic acid 
sequence axe present in the same host cell after transformation. Recombination with the 
wild-type specific nucleic acid sequence wii! eliminate those neutral mutations that may 
5 affect unselectcd characteristics such as immunogemcity but not the selected characteris- 
tics. 

In another embodiment of this invert:-., i: is contemplated that during the 
first round a subset of the specific nucleic acid :e.r,,-: ; ;es can be generated as smaller 
polynucleotides by slowing or halting their PCR amplification prior to introduction into 
the host cell. The size of the polynucleotides mur. be large enough to contain some 
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regions of identity with the other sequences so as to homologouslyrecombine with the 
other sequences. The size of the polynucleotides will range from 0.03 kb to 100 kb more 
preferably from 0. 2 kb to 10 kb. It is also contemplated that in subsequent rounds, all 
of the specific nucleic acid sequences other than the sequences selected from the previous 
5 round may be utilized to generate PCR polynucleotides prior to introduction into the host 



cells. 



The shorter polynucleotide sequences can be single -stranded or dou- 
ble-stranded. If the sequences were originally single-stranded and have become double- 
stranded they can be denatured with heat, chemicals or enzymes prior to insertion mto 
,0 the host cell. The reaction conditions suitable for separating the strands of r.uclc.c ac,d 

are well known in the art. 

The steps of this process can be repeated indefinitely, being limited only by 
the number of possible mutants which dan be achieved. After a certain number of cycles, 
all possible mutants will have been achieved r.r,d further cycles are redundant. 

u„ r m ,„i .h« wre ri:-'-: template nucleic acid is repeatedly 
]5 [ n an embodiment trie same mi ^•■'•y 

rcconbincd and the resulting recombinants selected for the desired characteristic. 

Therefore, the initial pool or population of mutated template nucle.c 
acid is cloned into a vector capable of replicating in a bacteria such as E. coli. The 

• i f . nrr ,^i t i, enable of autonomous replication in E. 
particular vector is not essential, so long ^ - ^ c-pjsu ujj 

* a tV —tor is desired to allow the expression and 

^0 coli In a prcrcrrcd embodinv.i... n_ — u^-±-»- 

production of any protein encoded by the mutated specific nucleic acid linked to the 
vector. I: is also preferred that the vector contain a gene encoding for a selectable 



marker. 



The population of vectors containing the poo! of mutated nucleic acid 
25 sequences is introduced into the E. col, host cells. Tne vector nucleic acid sequences 
mav be introduced by transformation, transferer, or infection in the case of phage. The 
concentration of vectors used to transfer* the bacteria is such that a number of vectors 
is introduced into each cell. Once present in the cell, the efficiency of homologous 
recombination is such that homologous recombination occurs between the various 
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vectors. This results in the generation of mutants (daughters) having a combination of 
mutations which differ from the original parent mutated sequences. 

The host cells arc then clonally replicated and selected for the marker gene 
present on the vector. Only those cells having a plasmid will grow under the selection. 
5 The host cells which contain a vector are then tested for the presence of 

favorable mutations. Such testing may consist of placing the cells under selective 
. pressure, for example, if the gene to be selected is an improved drug resistance gene. If 
the vector allows expression of the protein encoded by the mutated nucleic acid 
sequence, then such selection may include allowing expression of the protein so encoded, 
10 isolation of the protein and testing of the protein to determine whether, for example, it-- 
binds with increased efficiency to the ligand of interest. 

Once a particular daughter mutated nucleic acid sequence has been identified 
which conirs the desired characteristics, the nucleic acid is isolated either already linked 
to the vector or separated from the vector. This nucicic acid is then mixed with (he first 
5 or parent population of nucicic acids and the cycle is repeated. 

It has been shown that by this method nucleic acid sequences havinc 
enhanced desired properties can be selected. 

In an alternate embodiment, the first generation cf mutants are retained in the 
cells and the parental mutated sequences are added again lb the cells. Accordingly, the 
0 firs: cycic of Embodiment I is conducted a; described above. However, after the 
daughter nucleic acid sequences are identified, the host cells containing these sequences 
are retained. 

Tne parent mutated specific nucleic acid population, either as polynucleotides 
or cloned into the same vector is introduced into the host ceils already containinc the 
5 daughter nucleic acids. Recombination is allowed to occur in the cells and the next 
generation of recombinants, or granddaughters are selected by the methods described 
above. 

This cycle can be repeated a number of limes until the nucleic acid or peptide 
having thrdesired characteristics is obtained. ]; is contemplated that in subsequent 
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cycles, the population of mutated sequences which are added to the preferred mutants 
may come from the parental mutants or any subsequent generation. 

In an alternative embodiment, the invention provides a method of conducting 
a "molecular" backcross of the obtained recombinant specific nucleic acid in order to 
5 eliminate any neutral mutations. Neutral mutations are those mutations which do not 
confer onto the nucleic acid or peptide the desired properties. Such mutations may , 
• however confer on the nucleic acid or peptide undesirable characteristics. Accordingly, 
il is desirable to eliminate such neutral mutations. The method of this invention provide 
a means of doing so. 

10 In this embodiment, after the mutant nucleic acid, having the desired 

characteristics, is obtained by the methods of the embodiments, the nucleic acid, the 
vector having the nucleic acid or the host cell containing the vector and nucleic acid is 
isolated. 

The nucleic acid or vector is then ir.troduced into the host cell with a large 
15 excess of the wild-type nucleic acid. The nucleic ncid of the mutant and the nucleic acid 
of the wild-type sequence are allowed to rccombinc. The resulting recombinants are 
placed under the same selection as the rnutan: nucleic acid. Only those recombinants 
which retained the desired characteristics will be selected. Any silent mutations which 
do no: prov.de the desired characteristics will be iosr through recombination with the 
20 wild-type DNA. This cycle car, be repeated a number of times until all of the silent 
mutations are eliminated. 

Thus the methods of this invention can be used in a molecular backcross to 

eliminate unnecessary or silent mutations. 
Utility 

25 The in vivo recombination method of this invention can be performed blindly 

• on a pool of unknown mutants or alleles c: a specific polynucleotide or sequence. 
However, it is not necessary to know the actual DNA or RNA sequence of the specific 
polynucleotide. 
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The approach of using recombination within a mixed population of genes can 
be useful for the generation of any useful proteins, for example, interleukin I, antibodies, 
t PA, growth hormone, etc. This approach may be used to generate proteins having 
altered specificity or activity. The approach may also be useful for the generation of 
5 mutant nucleic acid sequences, for example, promoter regions, introns, exons, enhancer 
sequences, 31 untranslated regions or 51 untranslated regions of genes. Thus this / 
approach may be used to generate genes having increased rates of expression. This 
approach may also be useful in the study of repetitive DNA sequences. Finally, this 
approach may be useful to mutate ribozymes or aptamcrs. 
*0 Scaffold-Iikc regions separating regions of diversity in proteins may be. 

particularly suitable for the methods of this invention. The conserved scaffold 
determines the overall folding by self-association, while displaying relatively unrestricted 
loops that mediate the specific binding. Examples of such scaffolds are the immunoglob- 
ulin beta barrel, and the four-helix bundle. The methods of this invention can be used 
5 to create scaffold-like proteins with various combinations of mutated sequences for 
binding. 

The equivalents of some standard genciic matings may also be performed by 
the methods of this invention. For example, a "molecular" backcross can be perfomied 
by repealed mixing of the mutants nucleic acid with the wild-type nucleic acid while 
0 selecting for the mutations of intcrcs:. As in traditional breeding, this approach can be 
used to combine phenotypes from different sources into a background of choice. It is 
useful, for example, for the removal of neutral mutations that affect unselected 
characteristics (i.e. immunogeniciry). Thus it can be useful to determine which mutations 
in a protein are involved in the enhanced biological activity and which arc not. 

5 Peptide Display Methods 

The present method can be used to shuffle, by in vitro and/or in vivo 
recombination by any of the disclosed methods, and in any combination, polynucleotide 
sequences selected by peptide display methods, wherein an associated polynucleotide 
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encodes a displayed peptide which is screened for a phenotype (e.g., for affinity for a 

predetermined receptor (ligand). 

An increasingly important aspect of bio-pharmaceutical drug development 
and molecular biology is the identification of peptide structures, including the primary 
5 amino acid sequences, of peptides or peptidomimetics that interact with biological 

macromolecules. one method of identifying peptides that possess-, desired structure or , 
• functional property, such as binding to a predetermined biological macromolecule (e.g., 
a receptor), involves the screening of a large library or peptides for individual library 
members which possess the desired structure or functional property conferred by the 
10 amino acid sequence of the peptide. 

In addition to direct chemical synthesis methods for generating peptide 
libraries, several recombinant DNA methods also have been rcponed. One type involves 
the display of a peptide sequence, antibody, or other protein on the surface of a 
bacteriophage panicle or cell. Generally, i, the:, methods each bacteriophage panicle 

■ j * -a i;k~irv n-~V-v" Havina a single species of displayed 
15 or cell serves as an individual hbrao m^rno. >p.a>i..b t r 

. . • JJV t ~ tu, nniun! ^Mp r ; 0 ---: cr cell protein sequences. Each 
peptide in addition to the natural ^w.wi.*.. ^ v 

■ . ii ^nmin- -uc^-'iu- sequence information encoding the 
bacteriophage or cell contain^ l..- ..Jv.-w.i. h 

•i dis-Mavcd peptide sequence can be 

particular displayed peptide sccuc:..--. .rv-i, — aispia.cu t i m 

. , _ • nV ,m of ^ isolated library member. 

ascertained by nucleotide sequence ce,- . ...ma.ion oi ... i.u.a^ 

„ , ^.:a-> ~«:V>d involves the presentation of a peptide 
20 a well-knovvn pcp-.ia- (-.,pi..; ^ lti ^* ' 

. CM -^ n r n r t] _ n , v ,, :5 bacteriophage, typically as a fusion with a 
s a ouence on the surtax o* a . . j — i _ - - . — » ^ > & 

bacteriophage coat protein. The bacteriophage library car, be incubated with an 

immobilized, predetermined macromo.eculc or small mo!ecu.e (e.g., a receptor) so that 

bacteriophage panicles which present a peptide sequence that binds to the ,mmob,l,zed 

95 macromolecule car, be differentially partitioned from those that do not present pept,de 

sequences that bind to the predetermined macromolecule. The bacteriophage particles 

(i.e., library members) which are bound ., ,, immobilized macromolecule axe then 

recovered and replicated to amplify the s-,^ bacteriophage sub-population for a 

■ • a r offtmt^nnrhne-n *tJ v>r.nr;c replication. After several rounds of 

subsequent round of affinity enncnme..i -.u , y 

■ • l a „un, r^niiritim ••]■■- hacterioohatje library members that are 
30 -fnnity enrichment and phage rcpuca.ion, . i.. i.— »ciiuyi b j 
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thus selected are isolated and the nucleotide sequence encoding the displayed peptide 
sequence is determined, thereby identifying the sequence(s) of peptides that bind to the 
predetermined macromolecule (e.g., receptor). Such methods are further described in 
PCT patent publication Nos. 91/17271, 91/18980, and 91/19818 and 93/08278. 
5 The latter PCT publication describes a recombinant DNA method for the 

display of peptide ligands that involves the production of a library of fusion proteins with * 
each fusion protein composed of a first polypeptide portion, typically comprising a 
variable sequence, that is available for potential binding to a predetermined macromole- 
cule, and a second polypeptide portion that binds to DNA, such as the DNA vector 
0 encoding the individual fusion protein. When transformed host cells are cultured under... 
conditions that allow for expression of the fusion protein, the fusion protein binds to the 
DNA vector encoding it. Upon lysis of the host cell, the fusion protein/vector DNA 
complexes can be screened against a predetermined macromolecule in much the same 
way as bacteriophage panicles are screened in the phagc-bascd display system, with the 
5 replication and sequencing of the DNA vectors in the selected fusion protein/vector DNA 
complexes serving as the basis for identification of the selected library peptide 
scquence(s). 

Other systems for generating libraries of peptides and like polymers have 
aspects of both the recombinant and in vitro chemical synthesis methods. In these hybrid 
J methods, cell-free enzymatic machinery is employed to accomplish the in vitro synthesis 
of the library members (i.e., peptides or polynucleotides). In one type of method, RNA 
molecules with the ability to bind a predetermined protein or a predetermined dye 
molecule were selected by alternate rounds of selection and PCR amplification (Tuerk 
and Gold (1990) Science 249: 505; Ellington and Szostak (1990) Nature 346: 818). A 
similar technique was used to identify DNA sequences which bind a predetermined 
human transcription factor (Thiesen and Bach (1990) Nucleic Acids Res . 18: 3203; 
Beaudry and Joyce (1992) Science 257: 635: PCT patent publication Nos. 92/0525S and 
92/14843). In a similar fashion, the technique of in vitro translation has been used to 
synthesizc-protcins of interest and has been proposed as a method for generating large 
libraries of peptides. These methods which rely upon in vitro translation, generally 
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comprising stabilized polysome complexes, are described further in PCT patent 
publication Nos. 88/08453, 90/05785, 90/07003, 91/02076, 91/05058. and 92/02536. 
Applicants have described methods in which library members comprise a fusion protein 
having a first polypeptide portion with DNA binding activity and a second polypeptide 

5 portion having the library member unique peptide sequence; such methods arc su.table 
for use in cell-free in vitro selection formats, among others. 

The displayed peptide sequences can be of varying lengths, typically from 
3-5000 amino acids long or longer, frequently from 5-100 amino acids long, and often 
from about 8-15 amino acids long. A library can comprise library members having 

10 varying lengths of displayed peptide sequence, or may comprise library members having 
. fixed length of displayed peptide sequence. Portions or all of the displayed pcpt.de 
sequences) can be random, pseudorandom, denned set kernal. fixed, or the like. Ihe 
present disolay methods include methods for in ,iiro and in vivo display of single-chain 
antibodies, such as nascent scFv on polysomes or scrv displayed on phage, which enable 

,5 large-scale screening of scfv libraries having bro.i diversity of variable region sequences 

and binding specificities. 

The present invention also provides random, pseudorandom, and defined 
sequence framework peptide libraries and methods for generating and screening those 

j./,, n- rvH-i; ii-|<jdinf sinvile-chain antibodies) 

libraries to identify userul compound (-■-. pw r .i-.»..i—iJ3.n S) t 

,0 that bind «o receptor molecules or epitopes of interest 'or gene products that modify 
peptides or RNA in a desired fashion. Tne nndo*. pseudorandom, and defined sequence 
Rework peptide* arc produced from libraries of peptide library member. lh2t com P risc 
displayed peptides or displayed s.ng.e-chain antibodies attached to a polynucleotide 
template from which the displayed peptide was synthesized. The mode of attachment 

25 may vary according to the specific embodiment of the invention selected, and can include 
encapsulation in a phage particle or incorporation in a cell. 

A method of affinity enrichment allows a very large library of peptides and 

. , . , , 'v.. s-rcer."- 1 a- J the oolvnucleotide sequence encoding the 

single-chain antibodies to be s-rcer.^ u- > 

desired pcptide(s) or single-chain antibodies to be selected. The polynucleotide can then 
30 be isolated and shuffled to recombine combinatorially the amino acid sequence of the 
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selected peptide(s) (or predetermined portions thereof) or single-chain antibodies (or just 
VHI, VLI or CDR portions thereof). Using these methods, one can identify a peptide or 
single-chain antibody as having a desired binding affinity for a molecule and can exploit 
the process of shuffling to converge rapidly to a desired high-affinity peptide or sefv. 
5 The peptide or antibody can then be'synthesized in bulk by conventional means for any 
suitable use (e.g., as a therapeutic or diagnostic agent). ■> / 

A significant advantage of the present invention is that no prior information 
regarding an expected ligand structure is required to isolate peptide ligands or antibodies 
of interest. The peptide identified can have biological activity, which is meant to include 
10 at least specific binding affinity for a selected receptor molecule and, in some instances,, 
will further include the ability to block the binding of oiher compounds, to stimulate or 
inhibit metabolic pathways, to act as a signal or messenger, to stimulate or inhibit cellular 
activity, and the like. 

The present invention also provides a method for shuffling a pool of 
15 polynucleotide sequences selected by affinity screening a library of polysomes displaying 
nascent peptides (including single-chain antibodies] for library members which bind to 
a predetermined receptor (e.g., a mammalian pro:eir.aeeous receptor such as, for 
example, a peptidergic hormone receptor, a cell surface receptor, an intracellular protein 
which binds to other prclein(s) to form intracellular protein complexes such as hctcro- 
20 dimcrs and'thc like) or epitope (e.g., an immobilized pro:::::, glycoprotein, oligosaccha- 
ride, and the like). 

Polynucleotide sequences selected- in a firs' selection round (typically by 
affinity selection for binding to a receptor (e.g., a ligand)) by any of these methods arc 
pooled and the pool(s) is/arc shuffled by in vitro and/or in vivo recombination to produce 

25 a shuffled pool comprising a population of recombincd selected polynucleotide 
sequences. The recombincd selected polynucleotide sequences are subjected to at least 
one subsequent selection round. The polynucleotide sequences selected in the 
subsequent selection round(s) can be used directly, sequenced, and'or subjected to one 
or more additional rounds of shuffling and subsequent selection. Selected sequences can 

30 also be back-crossed with polynucleotide sequences encoding neutral sequences (i.e., 
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having insubs.an.ia! functional effect on binding), such as for example by back-cross,ng 
with a wild-type or nauratly-occurring sequence subs.an.iaUy identical .0 , selected 
sequence .o produce native-like func.iona, p=p.ides. which may be less immunogenic 
Generally, during back-crossing subsequent sciec.ion is appl M .0 retain ,he properry of 
5 binding to the predetermined receptor (ligand). 

Prior .o o, concomiian. with .he shuffling of seleced sequences, .he ( 
. se , u e„cesc m bc m u.ge„i K d.nonce m bodi m cn,,se,ee,ed,ib ra ry m e m bersarec,oned 

in a prokaryotic veco, (e ,, ptanid. phagemid. or bacteriophage) wherein a collection 
of individual colonies (or p.aques, representing discrete library members are produced 
,0 individual selcc.ed librae members can .hen be manipulated (e.g.. by sitcdicccted 
mu ,ac.nesis. cassette mu,age.esis. chemical mu.agenesis, PGR mutagenesis, and the 
,,..,",0 genera.e , collection of library members representing a kcrna, of sequence 

individua. seleced library member or poo, ca, be manipulated ,o ineorpora.e random 
« mutation, pseudorandom mu.a.ion, defined ^ mutation (i.e.. comprising vacant and 
invarian, residue positions and/or comprising var.an, residue posi.ions which can 
comprise a residue seleced from a cefmed subset of - acid residues), codon-basea 

„ VJ ,,„on and ,h= like, eitnc: -mm* « *« «*« •««* « ** Mm *"' 

,„.'-,.d fbrarv member sequence. Tit* muiageni.ed.seleetcd library members are then 
,0 shuffled bv *, v,,r„ and'er * „o reco-inaiorial shumihg as disclosed herein. 

' Th- invention .to provi** W>*te comprising a plurah.y ol 

individual libra., members .ffcc invention, wherem ( I ) each individual library member 
.f said pluraluv comprises a sequence produced by shuffling of a pool of seleced 
s-au-n-es and (2) each individual library member comprises a vanab.e pcp.ide segmcn, 
25 sequence o, s,ng,e-ch„„ antibody seamen, sequence which is distinct from ,h= variable 
p-p„de segment sequences orsiaale-chain aniibody sequences of oiher individual library 
.embers in said p.urali.y (although some library members may be prcsen, in more man 
one copy per library due ,0 uneven amplifier, stochastic probability, or .he like). 
. The invention also provides a producbyproccss. wherein selected 
30 pol>„uc,co,ide sequences having (or encoding a pep.idc having) a predefined binding 
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specificity arc formed by the process of: ( 1 ) screening a displayed peptide or displayed 
single-chain antibody library against a predetermined receptor (e.g., ligand) or epitope 
(e.g., antigen macromolecule) and identifying and/o-- »nric u ing library members which 
bind to the predetermined receptor or epitope to produce a pool of selected library 
5 members, (2) shuffling by recombination the selected library members (or amplified or 
cloned copies thereof) which binds the predetermined epitope and has been thereby 
. isolated and/or enriched from the library to generate a shuffled library, and (3) screening 
the shuffled library against the predetermined receptor (e.g.. ligand) or epitope (e.g., 
antigen macromolecule) and identifying and/or enriching shuffled library members which 
10 bind to the predetermined receptor or epitope to produce a pool of selected shuffled • 
library members. 

Antibody Display and Screening Methods 
The present method can be used to shuffle, by in vitro and/or in vivo 
recombination by any of the disclosed methods, ar.d in any combination, polynucleotide 
15 sequences selected by antibody display methods, wherein an associated polynucleotide 
encodes a displayed antibody which is screened for a phcnotvpc (e.g., for affinity for 
binding a predetermined antigen (ligand). 

Various molecular genetic approaches have beer, devised to capture the vast 
immunological repertoire represented by the extremely large number of distinct variable 
0 regions which can be present in immunoglobulin chains. The naturally-occurring germ 
line immunoglobulin heavy chain locus is composed of separate tandem arrays of 
variable segment genes located upstream of a tandem array of diversity segment genes, 
which are themselves located upstream of a tandem array of joining (i) region genes, 
which are located upstream of the constant region genes. During B lymphocyte 
5 development, V-D-J rearrangement occurs wherein a heavy chain variable region gene 
(VH) is formed by rearrangement to form a fused D segment followed by rearrangement 
with a V segment to form a V-D-J joined product gee which, if productively rearranged, 
encodes afunctional variable region (VII) of a heavy chain. Similarly, light chain loci 
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rearrange one of several V segments with one of several J segments to fern, a gene 
encoding the variable region (VL) of a light chain. 

The vast repertoire of variable regions possible in immunoglobulins denves 
in part from the numerous combinatorial possibilities of joining V and i segments (and, 
5 in the case of heavy chain loci. D segments) during rearrangement in B cell development. 
Additional sequence diversity in the heavy chain variable regions arises from 
non-uruform rca.angements of the D segments during V-W joining and from N region 
addition. Further, antigen-se.ectionof specific B cell Cones selects for higher affinity 
vaunts having non-germlinc morons in one or both of the heavy and ,ig t cha.n 
10 variable regions; a phenomenon referred to as "afT.nity 

sharpening Typically, these 'affinity sharpening" mutations cluster ,n specific areas 
of thc variable region, most common.y in the complcmcntanty-de.rmin.ng regions 

(CDRs). ,., .,. 

„„.. r r.n.. •..••vi-a'ions in producing and identifying 
In order to overcome man) oi in_ ...i...a.ionb v 

i K-lin, thmu- — i ^--stimulated B cell development (i.e 
15 hifh-affinity immunoglobulins tnrou s t - 



, v „.,-a^ 3-s-rrs have been developed that can oe 
immunization), various prokaryotic expr^sion 3 o.-..s 

,.„-•>■ ^•■h-±- l : bruries which may be screened tor 
manipulated to produce combinatory an..c.,.. I.c.r 

■r -.-i,.-,- ?--n' 'dvances in thc expression o, 
tr.ch-affinity antibodies to spec:,;, -b-^- — 

. . ,.,.; n _-,, r ., cvs'-ms (see. "Alternative Peptide 
antibodies in Escherichia co.: ana oacte..o,:v.6..s>>~ins 

.... nns-i'V-litvthA virtually any specificity can be 

^0 Displav Methods", intra) nave raided ...-pos.io.il.> m-. 

, ■ . w .. f . onl cha-acterized hybridomas or by de novo 

obtained by either cloning ant.bou . £— -•> >-o™ 

section usinc antibody gene libraries (e.g. from lg CDNA). 

Combinatorial libraries of antibodies have been generated in bacteriophage 

. • • - n » serened as bacteriophage plaques or as 
lambda expression systems wmcn ma ; d. scr..nea as 

,5 colonies of lysogens (Huse et al. (1989) S^2^ 1 275; Caton and KoprowsM 1 990) 

P.o^NaiLA^^^ NalL SC '- 

n • i nooPPro- Natl Ar^rl Sci. fTJ.S.A.I 88: 2432). 
(U S A ) S2i 8095; Persson et al. (1991) LL C , ^* 

Various embodiment of telophase .rv.ibody disp.ay liberies and .ambda phage 
expression ..bnries have been descried (Ka, S e. .1. (.99.) Pmr W..1 Acad. 
30 .1IS.A.U8: 4363; ClaC-son e, a.. (IWDN*-. 35* 624; McCafferty « al. (.990, 
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Nature 348: 552; Burton et al. (1991) Proc. Natl- Acad. Sci. (U.S.A.) 88: 10134; 
Hoogenboom et al. (1991) Nucleic Acids Res . 19:4133; Chang el ah (1991) J. Immunol . 
147: 3610; Brcitling et al. (1991) Gene 104: 147; Marks et al. (1991) J. Mol. Biol. 
222@: 58 1 ; Barbas et al. ( 1 992) Proc. Natl. Acad. Sci. (U.S.A.) 89: 4457; Hawkins and 
5 Winter (1992) J. Immunol. 22: 867: Marks et al. (1992) Biotechnology 10: 779; Marks 
etal. (1992) J. Biol. Chem.267: 16007; Lowman ct al (1991) Biochemistry 30: 10832; 
. Lcrneret al. (1992) Science. 258: 1313. incorporated herein by reference). Typically, a 
bacteriophage antibody display library is screened with a receptor (e.g., polypeptide, 
carbohydrate, glycoprotein, nucleic acid) that is immobilized (e.g., by covaleni linkage 
10 to a chromatography resin to enrich for reactive phage by affinity chromatography)* 
and/or labeled (e.g., to screen plaque or colony lifts). 

One particularly advantageous approach has been the use of so-called 
single-chain fragment variable (scfv) libraries (Marks ct al. (1992) Biotechnology 10; 
779; Winter G and Milstcin C (1991) Nature 3^9: 293; Clackson et al. (1991) on. cit.: 
1 5 Marks et al. ( 1 99 1 ) J. Mol. Biol. 222: 5S i ; Chaudhary ct al. (! 990) Proc Natl. Acad. 
Sci. qjSA) 87: 1056; Chiswcll el al. (1992) TIDTHCH 10: 80; McCafTeny ct al. (1990) 
on. cit.: and Huston ct al- (19SS) Proc. Natl. Acad. Sci. (USA) 85: 5S79). Various 
embodiments of scfv libraries displayed or. bacteriophage coat proteins have been 
described. 

-° Beginning in 193S, single-chain analogues of Fv frag- en: ; and their fusion 

proteins have been reliably generated by antibody engineering methods. The first step 
generally involves obtaining the genes encoding YH and VL domains with desired 
binding properties; these V genes may be isolated from a specific hybridoma cell line, 
selected from a combinatorial V-genc library, or made by V gene synthesis. The 

25 single-chain Fv is formed by connecting the component V genes with an oligonucleotide 
that encodes an appropriately designed linker peptide, such as (Gly-GIy-Gly-Gly-Scr)3 
or equivalent linker peptide(s). The linker bridges the C-tsrminus of the first Y region 
and N-terminus of the second, ordered ;ls either YH-iinker-YL or VL-linker-VH' In 
principle, the scfv binding site can faithfully replicate both the affinity and specificity of 

30 its parent antibody combining site. 
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Thus, scfv fragments are comprised of VH and VL domains linked into a 
single polypeptide chain by a flexible linker peptide. After the scfv genes are assembled, 
they are cloned into a phagemid and expressed at the tip of the Ml 3 phage (or similar 
filamentous bacteriophage) as fusion proteins with the bacteriophage PHI (gene 3) coat 

5 protein. Enriching for phage expressing an antibody of interest is accomplished by 
panning the recombinant phage displaying a population scfv for binding to a-predeter- 

• mined epitope (e.g., target antigen, receptor). 

The linked polynucleotide of a library member provides the basis for 
replication of the library member after a screening or selection procedure, and also 

10 provides the basis for the determination, by nucleotide sequencing, of the identity of the 
displayed peptide sequence or VH and VI. amino acid sequence. The displayed peptide 
(s) or single-chain antibody (e. g.. scfv) and/or its VH and VL domains or their CDRs can 
be cloned and expressed in a suitable expression system, often polynucleotides encoding 
the isolated VH and VL domains will be ligr.ee to polynucleotides encoding constant 

15 regions (CH and CL) to form polynucleotides encoding complete antibodies (e.g., 
chimeric or fully-human), antibody fragments, and the like. Often polynucleotides 
encoding the isolated CDRs will b= grafted into polynucleotides encoding a suitable 
variable region framework (and optionally constant regions) to form polynucleotides 
encoding complete antibodies (e.g., humanized or fully-human), antibody fragments, and 

20 the like. Antibodies car, be used to isolate preparative 'quantities of the antigen by 
immunoaff.nity chromatography. Various other uses of such antibodies arc to diagnose 
and'or stage disease (e.g.. neoplasia) and for therapeutic application to treat disease, such 
as for example: neoplasia, autoimmune disease, AIDS, cardiovascular disease, infections, 
and the like. 

25 Various methods have been reported for increasing the combinatorial 

diversity of a scfv library to broaden the repertoire of binding species (idiotype 
spectrum) Tne use of PCR has permitted the variable regions to be rapidly cioncd either 
from a specific hybridoma source or as a r=;-.e library from non-immunized cells, 
affording combinatorial diversity in the assor.rr.en: of VH and VL cassettes which can 

30 be combined. Furthermore, the VH and VL cassettes can themselves be diversified, such 
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as by random, pseudorandom, or directed mutagenesis. Typically, VH and VL cassettes 
arc diversified in or near the complementarity-determining regions (CDRS), often the 
tliird CDR, CDR3, Enzymatic inverse PCR mutagenesis rr : been shown to be a simple 
and reliable method for constructing relatively large libraries of scfv site-directed 
5 mutants (Stemmer et a). (1993) Biotechniquss 14: 256), as has error-prone PCR and 
chemical mutagenesis (Deng et al . ( 1 994) J. Biol. Chem. 269: 953 3). Ricchmann et al . ' 
(1993) Biochemistry 32: 8848 showed semi-rational design of an antibody scfv fragment 
using site-directed randomization by degenerate oligonucleotide PCR and subsequent 
phage display of the resultant scfv mutants. Barbas et a!. (1992) on.cil . attempted to 
10 circumvent the problem of limited repertoire sizes resulting from using biased variable, 
region sequences by randomizing the sequence in a synthetic CDR region of a human 
tetanus toxoid-binding Fab. 

CDR randomization has the potential to create approximately ] x 1 0 ?0 CDRs 
for the heavy chain CDR3 alone, and a roughly similar number of variants of the heavy 
15 chain CDR1 and CDR2, and light chain CDRi-3 variants. Taken individually or 
together, the combination possibilities of CDR randomization of heavy and/or light 
chains requires generating a prohibitive number of bacteriophage clones to produce a 
clone library representing all possible combinations, the vast majority of which will be 
non-binding. Generation of such large numbers of primary transformants is not feasible 
20 with current transformation technology ar.d bacteriophage display systems. For example. 
Barbas et al. (1992) orjxi;. only generated 5 x 10 7 transformants, which represents only 
a tiny fraction of the potential diversity of a library of thoroughly randomized CDRS. 

Despite these substantial limitations, bacteriophage, display of scfv have 
already yielded a variety of useful antibodies and antibody fusion proteins. A bispecific 
25 single chain antibody has been shown to mediate efficient tumor cell lysis (Gruber et al. 
(1994) J. Immunol . 152: 5368). Intracellular expression of an anti-Rev scfv has been 
shown to inhibit HIV-1 virus replication in vitro (Duan c: al. (1994) Proc. Natl. Acad. 
Sci. (USA) 91: 5075), and intracellular expression of an anti-p21rar, scfv has been shown 
to inhibrt meiotic maturation of Xcnopus oocytes (Biocca et al. (1993) Hiochem. 
30 Bioshvs. Res. Commun . 197: 422, Recombinant scfv which can be used to diagnose 
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HIV infection have also been reported, demonstrating the diagnostic utility of scfv 
(Lillevetal (1994) JJnwmM^hUli: 21 1). Fusion proteins wherein an scFv ,s 
linked' to a second polypeptide, such as a toxin or fibrinolytic activator protein, have also 
been reported (Hoivost ct al. (.992) F^Bip^he^ 945; Nichol.s et al. (1993) J. 

5 Biol. Chem.268: 5302). 

If it were possible to generate scfv libraries having broader antibody d.vers.ty / 
and overcoming many of the limitations of conventional CDR mutagenesis and 
randomization methods which can cover only a very tiny fraction of the potent,., 
sequence combinations, the number and quality of scfv antibodies suitab.e for therapeutic 

,0 and diagnostic use could be vastly improved. To address this, the /„ vUro and /„ v,v 0 
shuffling methods of the invention are used to recombinc CDRs which have been 
obtained (typically via PCR amplification or cloning) from nuc.eic acids obtained from 

• i_ j- c h;c-,i --ipbodics can be displayed on cells, on 
selected displayed antibodies. Sucli dispb.- ^.oooust y 

, „ . ,..;.v-,i.- antibody display system wherein 
bacterioohage panicles, on polysomes, o. j„.. s....-?U -mioo > p > . 

,5 the antibodv is associated with its encoding .,=id(s). In a vanation, the CDRs are 

initial.v obtained from rr.RNA (or cDNA) fror, an,ibody- P roducing cells (e.g.. plasma 

on ;n ._,. ni ,^ wiH-tv-: mouse. 3 human, or a transgenic mouse 
cclls/splenocytcs trom an in.rnuniz— i,. 

j. in \V0 £ )2/039IS, W093/12227. and 
capable of making a nux.an an.-oo-.. -> 

\V(W/255S5). including hybridomas derived there trorr.. 

, ■ ■ „ <■..■.—.-- i-, r ":rs: selection round (typically by 
20 Polynucleotide sequent s i.. - 

. , ,-' f „ r < ,\~>;-~>. a-ti'-.-dv bindina to an antigen (e.g., a ligand) by any of 
atlimty selection tor cispid;-- J--- 1 --". 

, , . ,..-.1,-0 i^ar" shuffled bv in vitro and/or in vivo 
th'-s- methods arc pooled ar.d the p*o!>s) is. a,, sn^i.u- . 

recombination, especially shuffling of CDRs (typically shuffling heavy chain CDRs with 
o,h-r heavy chain CDRs and light chain CDRs with other light chain CDRS) to produce 
25 a shuffled pool comprising a population of .combined selected polynucleotide 
sequences. The recombincd selected polynucleotide sequences are expressed ,n a 

,. . j ,'u*Ai : r..Kior te H to at least one subsequent 
selection format as a displayed anlibod;. ...... ,-bj^ted 

selection round. The polynucleotide sea,,,:,, selected in the subsequent selection 
round ( s) can be used directly, sequenced, a- or subjected to one or more addiuonal 
30 rounds of shuffling and subsequent selection until an antibody of the desired binding 
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affinity is obtained. Selected sequences can also be back-crossed with polynucleotide 
sequences encoding neutral antibody framework sequences (i.e., having insubstantial 
functional effect on antigen binding), such as for example by back-crossing with a human 
variable region framework to produce human-like sequence antibodies. Generally, 
5 during back-crossing subsequent selection is applied to retain the property of binding to 
the predetermined antigen. 

Alternatively, or in combination with the noted variations, the valency of the 
target epitope may be varied to control the average binding affinity of selected scfv 
library members. The target epitope can be bound to a surface or substrate at varying 
10 densities, such as by including a competitor epitope, by dilution, or by other method- • 
known to those in the an. A high density (valency) of predetermined epitope can be used 
tu enrich for scfv library members which have relatively low affinity, whereas a low 
density (valency) can preferentially enrich for higher a Minify scfv library members. 

For generating diverse variable segments, a collection of synthetic 
15 oligonucleotides encoding random, pseudorandom, or a defined sequence kemal set of 
peptide sequences can be inserted by ligation mt.? a predetermined site (e.g., a CDR). 
Similarly, the sequence diversity of one or more CDRs of the single-chain antibody 
casseite(s) can be expanded by mutating the CDR(s) with sile-dircctcd mutaeencsis, 
CDR-replaccmcnt, ar.d the like. The rcsu'::an: DNA molecules can be propagated in a 
hos: for cloning and amplification prior id shuffling, or can be u,cd directly (i.e., may 
avoid lossof diversity which may occur upon propagation in a host cell) ard the selected 
library members subsequently shuffled. 

Displayed peptide/polynucleotide complexes (library members) which encode 
a variable segment peptide sequence of interest or a single-chain antibody or interest arc 
25 selected from the library by an affinity enrichment technique. This is accomplished by 
means of a immobilized macromoleculc or epitope specific for the peptide sequence of 
interest, such as a receptor, other macromoiecule. or other epitope species. Repeating 
the affinity selection procedure provides an enrichment of library members encoding the 
desired sequences, which may then be isolated for pooling and shuffling, for sequencing, 
30 and/or for further propagation and affinity enrichment. 
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The library members without the desired specificity are removed by washing. 
The degree and stringency of washing required will be determined for each peptide 
sequence or single-chain antibody of interest and the immobilized predefined 
macromo.ccule or epitope. A certain degree of control can be exerted over the b.nd.ng 
5 characteristics of the nascent peptide/DNA complexes recovered by adjust.ng the 

conditions of the binding incubation and the subsequent washing. The temperature. pH. , 
• ionic strength, divalent cations concentration, and the volume and duration of the 
washing will select for nascent peptide/DNA complexes within particu.ar ranges of 
affinity for the immobilized rnacromo.ecu.e. Se.ection based on slow dissociate rate. 
10 which is usually predictive of high affinity, is often the most practical route. This may 
be done either by continued incubation in the presence of a saturating amount of free 
predetermined macromolecule. or by increasing the volume, number, and length of the 
washes beach case, the rebinding of dissociated nascent peptide/DNA or peptide/ILNA 
complex is prevented, and with increasing time, nascent peptide/DNA or pcptide/RN A 
15 complexes of higher and higher affinity are recovered. 

Additional modifications of .he binding and washing procedures may be 

r- J - i -,u e „ r ;,i rh-Ka-cnvics The a fn n i ties o f som e pe pti des are 
apolicd to find peptides wun spccia. c.ia.aw.L.u.ui. 

• • .k ...vinr rrn-cn'-aiion This is a useful characteristic for 

dependent on ionic strength or ca.ior. ccnv.cn.ra.. on. 

, ■ rr„\... r.-n-'.cTion of various proteins when gentle 
peptides (hat will DC used in a.i.n:-... puuca.ion o. 

10 conditions for removing the protein from the peptides are required. 

On- va-iaiion involves ±= use of multiple binding targets (multiple epitope 
sp-cies multiple receotor species), such that a scfv library can be simultaneously 
s-r-ened for a multiplicity of scfv which have different binding specificities. G.ven that 
,h- size of a scfv library often limits the diversity of potential scfv sequences, it ,s 

25 typically desirable to us scfv libranes of as large a size as possible. The t.me and 
economic considerations of generating a number of very large polysome scFv-d.splay 
libraries can become prohibitive. To avoid this substantial problem, multiple predeter- 
mined epitope species (receptor species) can be concomitantly screened in a single 
library, or sequential screening against a number of epitope species can be used. In one 
30 variation, multiple target epitope species, each encoded on a separate bead (or subset of 
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beads), can be mixed and incubated with a polysome-display scfv library under suitable 
binding conditions. The collection of beads, comprising multiple epitope species, can 
then be used to isolate, by affinity selection, scfv librry members. Generally, 
subsequent affinity screening rounds can include the same mixture of beads, subsets 
5 thereof, or beads containing only one or two individual epitope species. This approach 
affords efficient screening, and is compatible with laboratory automation,' batch 
. processing, and high throughput screening methods. 

A variety of techniques can be used in the present invention to diversify a 
peptide library or single-chain antibody library, or to diversify, prior to or concomitant 
10 with shuffling, around variable segment peptides found in early rounds of panning to-- 
have sufficient binding activity to the predetermined macromolcculc orepitopc. In one 
approach, the positive selected peptide/polynucleotide complexes (those identified in an 
early round of affinity enrichment) are sequenced to determine the identity of the active 
peptides. Oligonucleotides are then synthesized based or. these active peptide sequences, 
5 employing a low level of all bases incorporated a: each step to produce slight variations 
of the primary oligonucleotide sequences. This mixture of (slightly) degenerate 
oligonucleotides is then cloned into the variable segment sequences at the appropriate 
locations. This method produces systematic, controlled variations of the starting peptide 
sequences, which can then be shuffled, it requires, however, that individual positive 
0 nascent peptide/polynucleotide complexes be sequenced before mutagenesis, and thus 
is useful for expanding the diversity of sma;l numbers of recovered complexes and 
selecting variants having higher binding affinity and/or higher binding specificity, in a 
variation, mutagenic PCR. amplification of positive selected peptide/polynucleotide 
complexes (especially of the variable region sequences, the amplification products of 
5 which arc shufiled in vitro and/or in vivo and one or more additional rounds of screening 
is done prior to sequencing. The same gene;:! approach can be employed with 
single-chain antibodies in order to expand the diversity and enhance the binding 
affinity/specificity, typically by diversifying CDRs or adjacent framework regions prior 
to or concomitant with shuffling. If desired, shuffling reactions can be spiked with 
0 mutagenic oligonucleotides capable of in vitro recombination with the selected library 
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members can be included. Thus, mixtures of synthetic oligonucleotides and PCR 
produced polynucleotides (synthesized by error-prone or high-fidelity methods) can be 
added to the in vitro shuffling mix and be incorporated into resulting shuffled library 

members (shufflants). 

5 The present invention of shuffling enables the generation of a vast library of 

CDR-variant single-chain antibodies. One way to generate such antibodies isjo insert 

• synthetic CDRs into the single-chain antibody and/or CDR randomization prior to or 
concomitant with shuffling. The sequences of the synthetic CDR cassettes are selected 
by referring to known sequence data of human CDR and are selected in the discret.cn of 

,0 the practitioner according to the following guidelines: synthetic CDRs will have at least 
40 percent positional sequence identity to known CDR sequences, and preferably w.ll 
have at least 50 to 70 percent positional scqucr.es identity to known CDR sequences. 
For example, a collcct.on of synthetic CDR sequences can be generated by synthcs.zmg 
a collection of oligonucleotide sequences on the basis of naturally-occurring human CDR 

15 sequences listed in Kaba, eta.. (199 l)o^ ; the poo! (s) of synthetic CDR sequences 
are calculated to encode CDR peptide sequences having at least 40 percent sequence 
identitvtoat least one know, naturally-occurring human CDR sequence. Alternately. 
a collection of naturally-occurring CDR sequences may be compared to generate 

, c~ .h,t nmi-i a-ids used at a residue position frequently (i.e., in at 
consensus sequences so mat ami..o a^ui ^.u 

-i r-n-> C( .-,„.r--o i-.corporated into the synthetic CDRs at 

20 least 5 percent o: known CDr. st-cuer—s' ~~ i.-w^' 

-,■ fc\ T.,v-ni;.- c-vcral fc.ct-, 3 to about 50) known CDR 
the corresponding position(s). i.-p^ah,, s.\— i v-b . 

sequences are compa.ed and observed natural sequence vacations between the known 
CDRs arc tabulated, and a collection of oligonucleotides encoding CDR peptide 
seouences encompassing all or most permutations of the observed natural sequence 

25 variations is synthesized. For example but not for limitation, if a collection of human VH 
CDR sequences have carboxy-temr.na! amino acids which are either Tyr, Val, Phe, or 
Asp. then the pool(s) of synthetic CDR oligonucleotide sequences are designed to allow 
the carboxy-tcrminal CDR residue to be any of these amino acids. In some embod,- 
mcnts. residues other than those which naturally-occur at a residue position in the 

30 collection of CDR sequences are incorporated: conservative amino acid substitutions are 
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frequently incorporated and up to 5 residue positions may be varied to incorporate 
non-conservative amino acid substitutions as compared to known naturally-occurring 
CDR sequences. Such CDR sequences can be used in primary library members (prior 
to first round screening) and/or can be used to spike in vitro shuffling reactions of 
5 selected library member sequences. Construction of such pools of defined and/or 
degenerate sequences will be readily accompiished by those of ordinary skill in the an. 

The collection of synthetic CDR sequences comprises at least one member 
that is not known to be a naturally-occurring CDR sequence. It is within the discretion 
of the practitioner to include or not include a portion of random or pseudorandom 

10 sequence corresponding to N region addition in the heavy chain CDR; the N region, 
sequence ranges from 1 nucleotide to about 4 nucleotides occurring at V-D and D-J 
junctions. A collection of synthetic heavy chain CDR sequences comprises at least about 
100 unique CDR sequences, typically at least about 1,000 unique CDR sequences, 
preferably at least about 10,000 unique CDR sequences, frequently more than 50,000 

15 unique CDR sequences; however, usually not mere than about 1x10 6 unique CDR 
sequences are included in the collection, although occasionally 1 x 107 to 1 X 10S unique 
CDR sequences are present, especially if conservative amino acid substitutions arc 
permitted at positions where the conservative amino acid substituent is not present or is 
rare (i.e.. less than 0.1 percent) in that position in naturally-occurring human CDRS. In 

20 general, the number of unique CDR sequences included in a lil.ar. should no; exceed 
the expected number of primary trar.sfornar.ts in the library by more than a factor of 10. 
Such single-chain antibodies generally bind of about a: least 1 x 1 0 m-, preferably with 
an affinity of about at least 5x10 (superscript 7) M - 1 , more preferably with an affinity 
of at least 1 x 10 (superscript 8) M-l to I x ! 0 (superscript 9) M-l or mo. e, sometimes 

25 up to 1 x 10 (superscript 10) M-! or more. Frequently, the predetermined antigen is a 
human protein, such as for example a human cell surface antigen (e. g., CD4, CDS, IL-2 
receptor, EGF receptor, PDGF receptor), other human biological macromolecule (e.g., 
thrombomodulin, protein C, carbohydrate artuuuu sialyl Lewis antigen, Lselcctin), or 
nonhuman disease associated macromolecule (e. z , bacterial LPS, virion capsid protein 

30 or envelope glycoprotein) and the like. 
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High affinity single-chain anybodies of .1* speeitey can be 

entered and expressed in a variery of sys,=m, For example, scfv have been produced 
,„ p,a„,s (Fire, e, a!. (,9,3, ,^3^ S60 and can be readi.y ™de .n 
profcarvc^ sysrems (Owens M and Young RJ (.994, Un^utf, MBb- 

5 ^S^BWK(.99.)M-W^»«»P»'=W r U r,hcr m or«.U,es,,, S l«.ha,„ 
„ibodies can be used as a basis for cons.nac.ing whoie an,,bod,es or various W 
.hereof <Ke,.,ebo,ou 8 h e. a,. (.994) F^«^ 9*> ™e 
encoding sentence ma, be iso.a.ed (e.,, by PCR amphf.ca.ion o, subcfcn.ng) «- 
p ,iecd 1 a science e„cod,n S a desired human cons.an, region ,o encode a human 

,0 s ouencc *n.ibody more sui.ab.e for human .hcrapeu.ic uses where .mmunogenrc, y, 

pi*, minrmi,, The ^ *< « — fU "' hUmm eKOdm8 

, • 0 Kn „ , c i| !> n from an expression vector in a 
sequencc(s) can be expressed in a host cc.l rr 

mammalian cell) and purifkd for pharmaceut.ca; lobulation. 

v .-•nically include an expression control 
The DMA expression constructs w.-- !.- : ^ ail > 

u .. . , tA „ rn , n . noes, including naturally-associated 

15 DNA sequence opcrably linked to the cooin b 

. ne o r( .r».v.. v expression control sequences will be 
or heterologous promoter regions. . r v 

~., n v-^ o ! ' transforming or transacting 
ckarvotic promoter systems tn vector, .jp— o. .rap 

, ^....-ircorporatcd into the appropriate host, 

cukaryotic host cells. Once the vecto. „a- — >.~°?° 

, hB host is manned under colons -tabic for high leve, express.on of t h 
.eleotide sequences, and the coition and pupation of the mutanf "engineered 



antibodies 



* s.a.ed prev.ousiy. .he DNA sequences wiH * expressed in M *, te 
s-ouences have been operab.y iinked ,o an expression con.ro, sequence (i.e.. posiuoned 
„ s urc ,h= ..nscrip.ion and .^sia.ion of ,he sr.cu:,, B en=). These ex ? ress,o„ 
„ vec.o, arc rypieally rephcabie in .he hos, o.gan.ms =i.h=r as ep.somes or as . m.egra. 

m ,, rjNi Comnonlv, expression vectors will contain 
nan of the host chromosomal DN... ^ornm. . 

, .v-iine o- P'OTviin to permit detection of those cells 
selection markers, e^, tetracycline o. ...v.., , l 

..u , • ^nv] A ncos Kcc. sjl. U.S. Patent 4,704,^62. which is 
transformed with the desired DNA se-~n^ ^ ^ 

incorporated herein by reference). 
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In addition to eukaryotic microorganisms such as yeast, mammalian tissue 
cell culture may also be used to produce the polypeptides of the present invention fsee . 
Winnacker, "From Genes to Clones/* VCH Publishers, //./., N.Y. (1987), which is 
incorporated herein by reference). Eukaryotic cells are actually preferred, because a 
5 number of suitable host cell lines capable of secreting intact immunoglobulins have been 
developed in the art, and include the CHO cell lines, various COS cell lines, HeLa cells, 
* myeloma cell lines, etc, but preferably transformed Bcells or hybridomas. Expression 
vectors for these cells can include expression control sequences, such as an origin of 
replication, a promoter, an enhancer (Queen et al. (1986) Immunol. Rev, 89: 49), and 
10 necessary processing information sites, such as ribosome binding sites, RNA splice sites, " 
polyadcnyiation sites, and transcriptional terminator sequences. Preferred expression 
control sequences are promoters derived from immunoglobulin genes, cytomegalovirus, 
SV40, Adenovirus, Bovine Papilloma Vims, and the like. 

Eukaryotic DNA transcription car. be increased by inserting an enhancer 
15 sequence into the vector. Enhancers are cis-ac;ir.g sequences of between 10 to 300 bp 
that increase transcription by a promoter. Enhancers can effectively increase transcrip- 
tion when cither 51 or 3 1 to the transcription un;:. They are also effective if located 
within an intron or within the coding sequence itself. Typically, viral enhancers are used, 
including SV40 enhancers, cytomegalovirus enhancers,, polyoma enhancers, and 
20 adenovirus enhancers. Enhancer sequences from mammalian systems arc also commonly 
used, such as the mouse immunoglobulin heavy chain enhancer. 

Mammalian expression vector systems will also typically include a selectable 
marker gene. Examples of suitable markers include, the dihydrofolate reductase gene 
(DHFR), the thymidine kinase gene (TK), or prokaryotic genes conferring drug 
25 resistance. The first two marker genes prefer the use of mutant cell lines that lack the 
ability to grow without the addition of thymidine to the growth medium. Transformed 
cells can then be identified by their ability io grow on non-supplemented media. 
Examples of prokaryotic drug resistance genes useful as markers include genes 
conferring resistance to G4 1 8. mycophenolic acid and hygromycin. 
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The vectors containing the DNA segments of interest can be transferred into 
the host cell by well-known methods, depending on the type of cellular host. For 
example, calcium chloride transfection is commonly utilized for prokaryotic cells, 
whereas calcium phosphate treatment, lipofection, or electroporation may be used for 
other cellular hosts. Other methods used to transform mammalian cells include the use 
of Polybrcne, protoplast fusion, liposomes, electroporation, and micro-injoction (see, , 
generally , Sambrook et at., supra). 

Once expressed, the antibodies, individual mutated immunoglobulin chains, 
mutated antibody fragments, and other immunoglobulin polypeptides of the invention 
can be purified according to standard procedures of the art, including ammonium sulfate 
precipitation, fraction column chromatography, gel electrophoresis and the like (see, 
generally . Scopes, R., Piotejn Purification, Springcr-Verlag. N.Y. 0982)). once purified. 
P ania!l v or to homogeneity as desired, the polypi" may then be used therapeutically 
or in developing and performing assay procedure,, immunotluorescent s.ainings, and the 
r . rf=r . r .„,-i, u i^„nnln,i ca l Methods. Vc!s. I and II, Eds. Ufkovits and Pemis, 
Academic Press, New York. N.Y. (1979 and 19S!)) 

The antibodies generated by the method of the present invention can be used 
for diagnosis and therapy. By way of illustration and not limitation, they can be used to 
,reat cancer, autoimmune diseases, or viral infections. For treatment of cancer, the 
) antibodies will typically bind to nr. antigen expressed preferentially on cancer cells, such 
as erbB-2. CEA. CD33. and many other antigens and binding members well known to 
those skilled in the an. 

Vrnii Two-Hvbrid Screening Assays 

Shuffling can also be used to reeombinatorially diversify a pool of selected 
5 library members obtained by screening a two-hybrid screening system to identify library 
members which bind a predetermined polypeptide sequence. The selected library 
members are pooled and shuffled by in vitro and/or in vivo recombination. The shuffled 
pool can then be screened in a yeast two hybrid system to select library members which 
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bind said predetermined polypeptide sequence (e. g., and SH2 domain) or which bind an 
alternate predetermined polypeptide sequence (e.g., an SH2 domain from another protein 
species). 

An approach to identifying polypeptide sequences which bind to a 
5 predetermined polypeptide sequence has been to use a so-called "two-hybrid" system 
wherein the predetermined polypeptide sequence is present in a fusion protein (£hien et / 
al. (1991) Proc. Natl. Acad. Sci. OJSA) 88: 9578). This approach identifies 
protein-protein interactions in vivo through reconstitution of a transcriptional activator 
(Fields S and Song 0 (1989) Nature 340: 245), the yeast Gal4 transcription protein. 
10 Typically, the method is based on the properties of the yeast Gal4 protein, which consists 
of separable domains responsible for DN'A-binding and transcriptional activation. 
Polynucleotides encoding two hybrid proteins, one consisting of the yeast Gal4 
DNA-binding domain fused to a polypeptide sequence of a known protein and the other 
consisting of the Gal4 activation domain fused tc a polypeptide sequence of a second' 

15 protein, arc constructed and introduced into 2 yeas: host cell. Jntermoiecular binding 
between the two fusion proteins reconstitutes the Gai4 DNA-binding domain with the 
Gal4 activation domain, which icads to the transcripiior.ai activation of a reporter gene 
(e.g., Ice:. I/IS3) which is opcrably linked to a Ga!4 binding site. Typically, the 
two-hybrid method is used to identify novel polypeptide sequences which interact with 

20 a known protein (SilvcrSC and Hunt SVv M993) MpI. Biol. Rcd. LL 1 55; Durtec et al. 
(1993) Genes Devel. 7; 555; Yang ct al. (1992) Science 257: 5S0; Luoan ct al. (1993) 
Cell 73: 1067; Hardy el aJ(1992) Genes Devel. 6: SO 1 ; Banc! ct a!. (1 993) Biotcchniaues 
14: 920; and Vojtck et al. (1993) Cell 74: 205). However, variations of the two-hybrid 
method have been used to identify' mutations of a known protein that affect its binding 

25 to a second known protein fLi B and Fields S (19931 FASEB J. 7: 957: Lalo et al. 
(I 993) Proc. Natl. Acad. Sci. OJSA^ 90: 5524; Jackson et al(1993) Mol. Cell. Biol. 
11: 2899; and Madura ct a!. (1993) J. Biol- Chem. 26S: 12046). Two-hybrid systems 
have also been used to identify interacting structural domains of two known proteins 
(BardwclLct al. (1993) med. Microbial . 8: 1177; Chakrabarty ct al. (1992) J. Biol. 

30 Chem. 267: 1 7498; Staudinger et al. (1 993) J. Biol. Chem. 268: 4608; and Milne GT. 



PCT/US97/122J9 

WO 98/01581 



- 63 • 

and Weaver DT (1993) Genes DeveLi 1755) or domains responsible for oligomeriza- 
tion of a single protein (hvabuchi et a.. (1993) Q^i; 1693; Bogerd et al. (1993) 
j virol 67 5030). Variations of two-hybrid systems have been used to study the In v,vo 
~~ of a proteolytic enzyme (Dasmahapatra et al. (1992) P^atLA^. SSL 

5 (USA189; 4159). Alternatively, an E. coli/BCCP interactive screening system (Germmo 

v, , * **r\ m S A ) 90- 933- Guarente L (1993) Pror. Natl. Acad, 

Sci (U S A.) 9Ql .639) can be used .o identify inking protein sequences (,=.. protern 
;» t «*. heterod.meri.e « form hi C he, order heteromuLimer* Sequences 
seieetcd by a two-hybrid system can be pooled »d shuffled and introduced tnto a 

,0 ,w„-hybrid system for one o, more subsequent round, of ™ '° ^ 
poiyp ptide secies which b.nd ,0 the hybrtd contain, the predetermined b,nd,n E 
sconce. The sequences thus identic ca, * enmparcd ,o idem,* consensus 
scqucnce(s) and consensus sequence kcn:!s 

,„ s en=nl. standard techniques o: .combination DKA tcchnoiogy «« 

c,~-- - - ni 19S9 Molecular Cloning: A 
15 described in various publications, e.g. ba.. 

„ u c • Hl ,, v .-.-,-,r-- Ausubel ct al„ 1987, Current 
Laboratory Manual, Cold Spring Har.c — - • 

, n . , , w^- s-V.smcms. and Bcrger and kimmel, 
Protocols in Molecular Biology. %o!». 2..u s-,'h 

V:;;; c p re «. lnc .. San Diegc, CA. «=h of which is incorporated herein in the. 

. • : n , e n7vm-'= were used according to the 

->0 -ni;re:v bv reference. Polynu::cD'..=-: ...-■-!,..n b enz>... - 

, .•„, o — -.jc'colgcs were synthesized on an Applied 
manufacturers recommendations O..,— °. 

, - mo-I 304 DN-\ v,n-.hesiz=r using AB1 chemicals. If des.rcd. PCR 

■ ,a nv \ ^ni'*ncs may be selected at tne 
amplimers for amplifying a predetermined DN A s.qu-nc- m y 

discretion of the practitioner. 

i- -.;^o -Y-.--.ics a-e provided to illustrate the present 
25 The following non-hmitmg ex-..?.« ~t 

invention. 



W ° 98/01531 POVUS97/12239 



- 64 - 
Example 1 

Generation of Random Size Polynucleotides Using U.V. Induced Photoproducts 
One microgram samples of template DNA are obtained and treated with U.V. 
light to cause the formation of dimers, including TT dimers, particularly purine dimers. 
5 U.V. exposure is limited so that only a few photoproducts arc generated per gene on the 
template DNA sample. Multiple samples are treated with U.V. light for varyingperiods 
of time to obtain template DNA samples with varying numbers of dimers from U.V. 
exposure. 

A random priming kit which utilizes a non-proofreading polyrncasc (for 
10 example, Prime-It II Random Primer Labeling kit by Stratagene Cloning Systems) is 
utilized to generate different size polynucleotides by priming at random sites on 
templates which are prepared by U.V. light (as described above) and extending along the 
templates. The priming protocols such as described in the Prime-It II Random Primer 
Labeling kit may be utilized to extend the primers. The dimers formed by U.V. exposure 
1 5 serve as a roadblock for the extension by the nor.-p.-oefreading polymerase. Thus, a pool 
of random size polynucleotides is present af;cr extension with the random primers is 
finished. 

Example 2 

Isolation of Random Size Polynucleotides 
20 Polynucleotides of interest which are generated according to Example 1 arc 

are gel isolated on a 1 .5% agarose cel. Polynucleotides in the 1 00-300 bp range arc cut 
out of the gel and 3 volumes of 6 M Nal is added to the gel slice. The mixture is 
incubated at 50 °C for 10 minutes and 10 ul of glass milk (Bio 101) is added. The 
mixture is spun for 1 minute and the supernatant is decanted. The peliet is washed with 
25 500 ul of Column Wash (Column Wash is 50% cthanol. 10mM Tris-HCi pH 7.5, 100 
mM NaCI and 2.5 mM EDTA) and spin for 1 minute, after which the supernatant is 
decanted. The washing, spinning and decanting steps are then repeated. The glass milk 
pellet is resuspended in 20jjI of 1-LO and spun for 1 minute. DNA remains in the aqueous 
phase. 
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Example 3 



Tta ,00-300 bp poly.ucleo.ides obtained - Example 2 are .combined u .an 

5 ph 8 8 0 1% Triton X-100. 0.3 n; Taq DMA polymerase. .0 ,1 .oral volum 

1 8 primer, A Robber by S,ra,. 8 ene ivas use, for *. anncalin, s„p . . e 

' 60 -c (preferably 58 -C) for 30 seconds, 72 "C for 30 seconds) and 5 mm res 72 
CThu s.0 1 e 1 l300bppo. ) ™c,eo,ldesc„mblne,o yi =,ddo U b,e.,ra„dedpo,,«,e^ 

,0 L bavin S a ,on 8 cr se,uence. A*cr scpara,in S ou, U,= reassembled do.,. 
po.vmuCeotides and denary .cm ,o form sin.c stranded poly.uc.eottdes. ,b c, 

I optionally a,ln repeated with some samples **^ZZ 

i «-r,; rn nr^o- r>r mers in addition iO Iru s.nt,u 
and primer DNA and other samples ut..mn B .a,.,o... pnm 



strands 



Example^ 

The polvnuc.eoikfcs * *»,* 3 =:c separated and polypes are 

, — o-HnV ..-r.pbtc DNA i? utilized as a comparative control by 

evnresscd incresom. Th- o.i t ma. . j _ 

' , ■ ■ Tl- rcJvpcptidcs obtained from the 

obtains comnarativc polype?.;^; ;nc.e.,o.... p 

' .„ ^ f^ r the activity of the polypeptides 

^ fc cm the ori^l , OT .p,.,c and compare with the activity levels of the control. 
The «M polynucleotides codm S for ^ *"» 

„ m compared f^ier for second **** ^ *~ * — »^ 
„ d cs covins .0 less interest^ screened p**» •« -I — » «~ 

, 5 A s can be appreciated from *. above ciesenption, rbe ptesen, invention bas 

, ,- ■ v-i-iiovwl'--c-'dc3aninc from the scope and intention 
awidevarieryofappbeauons. Variation, - 

■ ,1 h- readilv ar-pi-r' to one of ordinary skill upon reviewing 
of the-prcsent invention will be reacus a r p 
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the above. Such variations are expected to be within the ordinary skill of the average 
practitioner and are encompassed by the present invention. 
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what IS CLAIMED IS: 
I. 



A method for producing mutant polynucleotides comprising: 
producing polynucleotides by blocking or interning a polynucleotide 
synthesis or amplification process with a member selected from the group consisting of 
5 UV light, one or more DNA adducts, DNA intercalating agents, DNA binding proteins. ^ 
triple helix forming agents, competing transcription polymerase, chain terminators, and 
polymerase inhibitors or poisons, said member being capable of blocking or intem.pl.ng 
synthesis or amplification of a polynucleotide to provide a plurality of polynucleotides 
due to said polynucleotides being in various stages of synthesis or amplification, and 
10 subjecting said polynucleotides to an amplification procedure to amplify one 

or more of the polynucleotide or polynucleotides. 

2 . A process for producing muta,: polynucleotides by a series of steps 

comprising: 

(a) producing oligonucleotides by blocking or interrupting a polynucleot.de 
,5 svr.thes.s or amplification process with a. least one member selected from the group 
corsistir,.. of UV littht. one or more DNA adducts, DNA intercalating agents, cha.n 
u^nators and/or polymerase inhibitors or poisons., wherein said member is capable of 
b'.cckine or interring po.^deotice synthesis or amplification and provide a plurality 
^polynucleotides due to their being in various stages of synthesis of amplifica.on. 
, 0 (b) denaturing the resulting single or double stranded oligonucleotides to 

produce a mixture of Single-stranded polynucleotides, optionally separating the 
polynucleotides into polls of polynucleotides having various lengths, and futher 
optionally subjecting said polynucleotides to a priming and amplification procedure to 
amplify one or more oligonucleotides comprised by at least one of the polynucleotide 
25 pools; 

(c) incubating a plurality of said polynucleotides or at least one pool of 
said polynucleotides with a polymerase under conditions which result in annealing of 
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said single-stranded polynucleotides at regions of identity between the single-stranded 
polynucleotides and formation of mutagenized double stranded polynucleotide chian; 

(d) repeating steps (c) and (d); 

(e) expressing at least one mutant polypeptide from said polynucleotide chain, 
5 or chains; and 

(0 screening said at least one mutant polypeptide for a useful activity. 

3- A process according to claim 2. wherein said adduct is member selected from 

the group consisting of: UV light; (+)-CC-1065; (+)-CC-l065-(N3-Adcnine); a N- 
acelylated or deacetylaled 4--fluro-4-aminobiphcnyl adduct capable of inhibiting DNA - 
10 synthesis, or a N-acetylated or deacctylatcd 4-aminobiphenyl adduct capable of 
inhibiting DNA synthesis; trivalent chromium.; a tnvaJc.nl chromium salt; a polycyclic 
aromatic hydrocarbon ("PAH") DNA adduct capable of inhibiting DNA replication; 7- 
bromomethyl-benz[ a ]anthraccnc ("BMA"), trisj2.3-dibromopropyl)phosphate (Tri.s- 
BH " ): •.2-dibromo.3-chJoropropane("DBC?"). :-b:.: ^acrolein (2BA); benzofajpyrene- 
15 7.8-dihydrodiol-9-IO-cpoxidc ("BPDE"); a pla^^H) halogen salt; N-hydroxy-2- 
amino-3-methy!imidazo[4.5-y]-quinoline; N-hydroxy-2-amino-l -methyl-6- 
phcnvlimida2 0 [4,5-y}.pyridi n c, DNA intercalating agents. DNA binding proteins, triple 
helix forming agents, competing transcription polymerases, chain terminators, and 
polymerase inhibitors or poisons. 

20 4. A process according to claim 2. wherein said DNA adduct is a member 

selected from the group consisting of UV !i £ ; r „ (+)-CC-1065 and (-f)-CC-l 065-(N3- 
Adenins). 



5. A process according to claim 4, farther comprising heating said polynucleo- 

tides and removing the DNA adduct, or adducts frcm n.id polynucleotide or polynucleo- 
25 tide pools. 
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6 A method for expressing a polypeptide comprising producing a polynucleo- 

tide according to claim 2 and comprising the further steps of cloning said polynucleotide 
into a vector or an expression vehicle and expressing said polypeptide. 

7 . A vector or an expression vehicle including a polynucleotide produced 
5 according to claim 2. 

8 . A polypeptide comprising at leas, one sequence segment expressed from a 
polynucleotide produced by the method according to claim 2. 
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